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Abstract

Understanding the origin of life on Earth has long fascinated the minds of the global community,

and has been a driving factor in interdisciplinary research for centuries. Beyond the pioneering work

of Darwin, perhaps the most widely known study in the last century is that of Miller & Urey, who

examined the possibility of the formation of prebiotic chemical precursors on the primordial Earth [1].

More recent studies have shown that amino acids, the chemical building blocks of the biopolymers

that comprise life as we know it on Earth, are present in meteoritic samples, and that the molecules

extracted from the meteorites display isotopic signatures indicative of an extraterrestrial origin [2].

The most recent major discovery in this area has been the detection of glycine (NH2CH2COOH), the

simplest amino acid, in pristine cometary samples returned by the NASA STARDUST mission [3].

Indeed, the open questions left by these discoveries, both in the public and scientific communities,

hold such fascination that NASA has designated the understanding of our “Cosmic Origins” as a

key mission priority.

Despite these exciting discoveries, our understanding of the chemical and physical pathways to

the formation of prebiotic molecules is woefully incomplete. This is largely because we do not yet

fully understand how the interplay between grain-surface and sub-surface ice reactions and the gas-

phase affects astrophysical chemical evolution, and our knowledge of chemical inventories in these

regions is incomplete. The research presented here aims to directly address both these issues, so that

future work to understand the formation of prebiotic molecules has a solid foundation from which

to work.

From an observational standpoint, a dedicated campaign to identify hydroxylamine (NH2OH),

potentially a direct precursor to glycine, in the gas-phase was undertaken. No trace of NH2OH was
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found. These observations motivated a refinement of the chemical models of glycine formation, and

have largely ruled out a gas-phase route to the synthesis of the simplest amino acid in the ISM. A

molecular mystery in the case of the carrier of a series of transitions was resolved using observational

data toward a large number of sources, confirming the identity of this important carbon-chemistry

intermediate B11244 as l-C3H+ and identifying it in at least two new environments. Finally, the

doubly-nitrogenated molecule carbodiimide HNCNH was identified in the ISM for the first time

through maser emission features in the centimeter-wavelength regime.

In the laboratory, a TeraHertz Time-Domain Spectrometer was constructed to obtain the ex-

perimental spectra necessary to search for solid-phase species in the ISM in the THz region of the

spectrum. These investigations have shown a striking dependence on large-scale, long-range (i.e.

lattice) structure of the ices on the spectra they present in the THz. A database of molecular spec-

tra has been started, and both the simplest and most abundant ice species, which have already been

identified, as well as a number of more complex species, have been studied. The exquisite sensitivity

of the THz spectra to both the structure and thermal history of these ices may lead to better probes

of complex chemical and dynamical evolution in interstellar environments.
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NASA missions have found some of the most chemically-diverse organic materials ever detected

in astronomical environments, yet there is no agreed-upon chemical pathway as to their formation.

We know from meteorites and, more recently, cometary samples returned by the STARDUST mis-

sion that amino acids, the building blocks of life as we understand it, are present in extraterrestrial

sources [3]. In the last decade, complex gas-grain chemical models have become widely-used tools in

the attempt to understand the chemical pathways that can result in the species observed and their

abundances in interstellar environments. A key goal of these models is to predict the most likely

chemical pathways for the formation of life-essential molecules, such as amino acids. Once found, ob-

servational studies can then be conducted in an attempt to discover the precursor molecules involved

in the reactions predicted by the model. While such methods can be valuable, they suffer from a

lack of both laboratory and observational data with which to constrain them. Thus, observational

follow-ups to these studies are vital.

My work, both in laboratory astrophysics and observational astronomy, aims to address both

of these issues and advance the quest towards the definitive detection and characterization of life-

essential molecules such as glycine in the interstellar medium (ISM). The quest to understand the

chemical evolutionary history of life-essential polymers such as proteins, sugars, and amino acids,

has been a driving force in molecular astrochemistry for several decades. The discovery of these

biopolymer building blocks in meteorites and cometary samples represents a significant clue to

the mechanisms that could eventually lead to the delivery of biotic and prebiotic molecules to

planetesimals, the rocky precursors to planets, but it does not provide a definitive answer to one of

the biggest remaining open questions: Where and when do the majority of these species form? Do

they form in the gas phase before incorporation into comets or directly into planetesimals? Do they

form in the icy mantles of dust grains or comets themselves before delivery? Or, are they largely

formed from precursor molecules after or upon impact with planetesimals? My work has focused on

approaching these questions through a combined effort of observational astronomy and laboratory

astrophysics.
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To truly begin to understand the complexities of the chemical processes that give rise to species

such as glycine, a thorough understanding of the chemical inventories, and the physical conditions

in which they exist, is essential. Such an understanding requires that observational work encompass

the full range of states in which these species can be formed - from cm- and mm-wave observations

of gas-phase species, to observations of condensed-phase species in the near- to far-infrared. In turn,

the scope and direction of laboratory work is necessarily informed and shaped by these observations.

The observational work presented in Part II is aimed at understanding the breadth of molec-

ular complexity present in the ISM, and how that complexity is affected by, and can be used to

understand, both the physical environments in which molecules are present and the evolution of

those environments. This work relies heavily on complementary laboratory data. While gas-phase

species, such as those discussed in Part II, are relatively well-studied in the laboratory, the body

of work relating to solid-phase species of astrophysical-interest lacks a corresponding depth. The

work presented in Part III aims to address this issue through the construction of a spectrometer and

collection of spectra of astrophysically-relevant species in the largely unexplored TeraHertz (THz)

region of the spectrum. This historically opaque frequency regime has recently become illuminated

through the commissioning of a number of astronomical observatories that operate in this range.
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Part II

Observational Astronomy
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Chapter 1

Hydroxylamine (NH2OH)

The bulk of this chapter is reproduced from “A search for hydroxylamine (NH2OH) toward select

astronomical sources,” by R.L. Pulliam, B.A. McGuire, and A.J. Remijan, Astrophysical Journal,

751, 1 (2012) [4].

1.1 A Brief History of Hydroxylamine

Hydroxylamine (NH2OH) has been suggested as a possible reactant precursor in the formation of

interstellar amino acids [5; 6] through the reaction of the neutral, ionized, or protonated species with

with acetic or propanoic acid. In 2008, a state-of-the-art gas-grain model of complex chemistry in

star-forming regions predicted an NH2OH column density as high as 1016 cm−2 toward typical hot

core sources [7]; easily within the detectable limits of modern radio telescopes. Motivated by this

surprisingly large predicted abundance, we searched for NH2OH using the NRAO 12 m Telescope on

Kitt Peak towards IRC+10216, Orion KL, Orion S, Sgr B2(N), Sgr B2(OH), W3IRS5, and W51M.

We found no evidence for NH2OH in any of the sources, and in fact derived upper limits as six

orders of magnitude lower than predicted by models [4]. The details of this work are described in

the remaining sections of this chapter.

Concurrently, laboratory investigations were undertaken by a laboratory astrophysics group in

Leiden to elucidate the mechanisms of NH2OH formation on grain surfaces [8]. In our work, we

assert that there is no reason to assume that hydrogenation of NO proceeds to NH2OH via the same

pathways as CO hydrogenation proceeds to CH3OH, as assumed by [7]. This was confirmed by [8],
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when it was determined that unlike CO hydrogenation, in which several steps possess a non-trivial

barrier to reaction, NO hydrogen proceeds with no reaction barriers. Using their experimentally-

determined reaction pathways and a model for dark cloud chemistry, they predict peak gas-phase

NH2OH abundances that are well aligned with the upper limits in our observations. Not long after,

the original model of [7] was refined, taking the laboratory work of [8] and others other into account,

and the new model also predicts peak abundances in line with our observed upper limits [9].

Our recent efforts to detect this model have focused on the shocked outflow region L1157-B1.

This region is known to be rich in complex organic molecules despite relatively cool temperatures,

indicating that molecules are formed in the solid phase before being non-thermally desorbed into

the gas phase. We think such regions are ideal candidates for locating NH2OH in sufficiently high

abundance, as these shock processes may liberate additional NH2OH into the gas phase beyond that

which would be present under thermal equilibrium between the grain surface and the surrounding

gas.

1.2 Introduction

The presence of amino acids in the gas-phase toward astronomical environments would have a

profound impact on the effort to understand the origin of complex molecular material in space.

The recent discovery of the simplest amino acid glycine (NH2CH2COOH) in cometary samples col-

lected by the Stardust mission has provided new clues towards our understanding of the delivery

of prebiotic material to planetesimals [3], yet not to their initial formation. That is, are complex

prebiotic molecules, such as glycine, formed via reactions of smaller precursors after their incor-

poration into cometary bodies, or do these complex molecules form first in the gas phase before

accretion? The search for interstellar, gas-phase glycine has therefore attracted much attention, but

has yet to be unambiguously confirmed in space [10; 11]. Recently, laboratory experiments have

shown that ionized NH2OH, reacting in the gas phase with acetic acid (CH3COOH) and propanoic

acid (CH3CH2COOH), can lead to the formation of glycine and the amino acids α- and β-alanine

(CH3CH(NH2)COOH) [5; 6]. As acetic acid has already been observed in various environments ([12]



7

and references therein), the detection of NH2OH would be of much interest to the astrochemistry

community, helping to answer the question of how these large complex molecules form in astronom-

ical environments.

There are few laboratory studies of NH2OH formation. Nishi et al. (1984) [13] proposed a route

for synthesis of NH2OH involving ice mixtures of water and ammonia where a radical recombination

reaction (Equation 1.1) on the surface of the ice under irradiated conditions produces NH2OH.

NH2 + H + H2O→ NH2OH + H2 (1.1)

Additionally, Zheng & Keiser (2010) [14] have recently produced NH2OH through electron irra-

diation of water-ammonia ices. They propose that NH2OH results from the radical recombination

of NH2 and OH inside the ices. The results of both of these studies suggest that radical reactions

within ice mantles on grain surfaces may be responsible for NH2OH production.

In fact, two recent gas-grain chemical models employ such reactions of radicals in their simu-

lations. Charnley et al. (2001) [15] assumed that nitrogen atoms will first react with OH in the

gas-phase to produce large amounts of NO (Equation 1.2). A fraction of NO (∼10%) is then ac-

creted onto dust grains, where it can then be converted to form species such as HNO and NH2OH

through H addition reactions. This formation pathway is contingent upon the depletion of NO onto

dust grains in significant quantities in astronomical environments, though solid evidence for NO on

grain surfaces is limited. Observational evidence for the presence of NO on grain mantles was first

reported in the infrared by Allamandola & Norman (1978) [16] via the fundamental rovibrational

band at 5.3 µm. More recently, Akyilmaz et al. (2007) [17] have shown that gas-phase NO is depleted

towards the peak of dust emission in two sources, suggesting that NO has accreted onto the grains

in these regions.

N + OH→ NO + H (1.2)

A more recent model by Garrod et al. (2008) [7] employs a more expansive network of radical-

radical reactions within the ice-mantle, incorporating large radicals formed from photolysis of the
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ice constituents already known to be present. These radical “fragments” then react to build up

more complex species as they become mobile on the grain surface through a gradual warm-up

process before being liberated into the gas phase. Formation of NH2OH is predicted to start from

the radical-radical reaction of NH+OH addition on grain surfaces, followed by hydrogenation or

directly by the reaction of OH+NH2. The model predicts an NH2OH column density as high as 1016

cm−2; easily within the detectable limits of modern radio telescopes.

Given the potential importance of NH2OH to prebiotic chemistry and the high predicted abun-

dances, we conducted a search for NH2OH towards seven sources: IRC+10216, Orion KL, Orion

S, Sgr B2(N), Sgr B2(OH), W3IRS5, and W51M in the frequency range of 130-170 GHz. While

these sources are known to contain copious amounts of complex molecular material, no definitive

evidence was found for NH2OH toward any of these sources. Upper limits to the beam averaged

column density of NH2OH were calculated based on the 1σ rms noise limit of the observed spectra,

and we discuss possible explanations for the lower than expected abundances.

1.3 Observations

A 2 mm spectral line survey of IRC+10216, Orion KL, Orion S, Sgr B2(N), Sgr B2(OH), W3IRS5,

and W51M (hereafter, the Turner 2mm Survey) was conducted using the NRAO1 12 m telescope on

Kitt Peak by B. E. Turner between 1993 and 19952. Table 1.1 lists the observing parameters for each

source in the survey. The frequency range covered by this survey was between 130-170 GHz, and

the half-power beam width (HPBW) varied from 38′′ – 46′′ across the band. The observations were

taken using a dual channel, SIS junction single side band receiver with typical receiver noise ranging

from 75 - 100 K. The backend consisted of a 768 channel, 600 MHz bandwidth hybrid spectrometer

with spectral resolution of 0.781 MHz per channel, or ∼1.3 km s−1 at 150 GHz. The intensity scale

at the NRAO 12m is given as T ∗R and corrects for forward spillover loss. The radiation temperature

1The National Radio Astronomy Observatory (NRAO) is a facility of the National Science Foundation, operated
under cooperative agreement by Associated Universities, Inc.

2The survey data are available online (http://www.cv.nrao.edu/Turner2mmLineSurvey) with the Spectral Line
Search Engine (SLiSE) developed by A. J. Remijan and M. J. Remijan. Further details of the Turner 2mm survey
including the motivation for a complete survey of these sources are described in Remijan et al. 2008, arXiv:0802.2273v1
[astro-ph]
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Table 1.1: Observed sources and coordinates (J2000), spectral line widths, and vLSR for each
source.

Source RA Dec ∆V vLSR

(km s−1) (km s−1)
Orion KL 05 35 14.5 -05 22 32.6 4.5 +9a

Orion S 05 35 16.5 -05 19 26.7 4.5 +7b

IRC+10216 09 47 57.3 +13 16 43.0 9.0 −26c

Sgr B2(OH) 17 47 20.8 -28 23 32.2 9.0 +60d

Sgr B2(N) 17 44 11.0 -28 22 17.3 9.0 +62e

W51M 19 16 43.8 +14 30 07.5 9.0 +57f

W3IRS5 02 27 04.1 +61 52 21.4 9.0 −39g

References. – a) [21] b) [22] c) [23] d) [24] e) [25] f) [26] g) [27]

is defined in Equation 1.3, where ζc is the beam efficiency. These data were mined for the all of the

available 2 mm lines of NH2OH listed in Table 1.2.

TR = T ∗R/ζc (1.3)

In total, 54 transitions of NH2OH are reported between 130 and 170 GHz from the published

literature [18; 19; 20]. Of these 54 transitions, 14 were selected, five a-type transitions and nine

c-type transitions, for this search because these 14 transitions had the largest line strength and

lowest upper-state energy level. Table 1.2 is a summary of each transition targeted in this search.

Other relevant spectroscopic parameters such as the NH2OH dipole moments, partition function

and rotational constants are listed in the Notes of Table 1.2.

1.4 Data Analysis and Results

Figures 1.1-1.3 show the observed spectra (black trace) for each source in the frequency range of

the NH2OH target transitions. Shown in red is a simulated spectrum of the expected transition line

strengths from NH2OH using the total column density predicted for Sgr B2(N) from the Garrod

et al. (2008) [7] model and source-appropriate rotational temperatures and linewidths (Equation

1.4). While the total column density of NH2OH in sources other than Sgr B2(N) can be expected

to vary based on chemical composition and physical environment, the simulations serve to show in
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Table 1.2: Observed transitions of NH2OH, beam size, and parameters used to simulate the
spectra and calculate NH2OH beam averaged column densities (see Equation 1.4).

Rest Frequency Transition θb Eu Type Log10(Aij) gJu
(MHz) Ju(KaKc)− Jl(KaKc) (′′) (cm−1) (s−1)

151020.70 3(1,3)-2(1,2) 41.52 10.57 a -5.27587 7
151101.99 3(2,2)-2(2,1) 41.50 27.16 a -5.47928 7
151102.32 3(2,1)-2(2,0) 41.50 27.16 a -5.47928 7
151117.67 3(0,3)-2(0,2) 41.49 5.04 a -5.22390 7
151207.01 3(1,2)-2(1,1) 41.47 10.57 a -5.27422 7
164340.78 9(1,9)-9(0,9) 38.15 75.59 c -7.02982 19
164627.49 8(1,8)-8(0,8) 38.09 60.48 c -7.02783 17
164883.24 7(1,7)-7(0,7) 38.03 47.04 c -7.02617 15
165107.71 6(1,6)-6(0,6) 37.98 35.28 c -7.02472 13
165300.63 5(1,5)-5(0,5) 37.93 25.2 c -7.02335 11
165461.76 4(1,4)-4(0,4) 37.89 16.8 c -7.02237 9
165590.89 3(1,3)-3(0,3) 37.87 10.08 c -7.02148 7
165687.89 2(1,2)-2(0,2) 37.84 5.04 c -7.02079 5
165752.62 1(1,1)-1(0,1) 37.83 1.68 c -7.02037 3

a) Molecular data were obtained from the Cologne Database for Molecular Spectroscopy [18]
available at www.splatalogue.net [28]. The uncertainties of the transition frequencies are 50 kHz [19].
b) Degeneracies calculated as: gJu = 2J + 1, gKu=0 = 1, gKu 6=0 = 2
c) Rotational constants from the CDMS Database:
A = 190976.2 MHz, B = 25218.73 MHz, C = 25156.66 MHz
d) NH2OH dipole moments in Debye [18]: µA=0.589; µC=0.060
e) The functional form of the rotational partition function was determined from Equation 3.69
of [29] - Qrot=0.5T 1.5

rot , and confirmed by a fit to the partition function data given in [18].
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a qualitative sense that the searched-for transitions of NH2OH are not present toward these sources

beyond the 1σ RMS noise limit, and certainly not present in the abundances predicted by the model.

In several sources, emission features are present at a number of the appropriate center frequencies

for NH2OH. Yet, the strongest transitions of NH2OH in this band are the J = 3-2 manifold near 151

GHz, and in no source are all of the expected transitions observed. This indicates that the observed

emission features are coincidental overlap with other molecular transitions, and that NH2OH is not

observed in these sources.

The column density of an observed species can be calculated using Equation 1.4, following the

convention of [30] (c.f. [31]).

NT =
3k

8π3
× Qre

Eu/Tex

νSµ2
×
√
π

2ln2
× ∆T ∗A∆V/ηb

1− (ehν/kTex−1)
(ehν/kTbg−1)

cm−2 (1.4)

Here, NT is the total column density, Qr is the rotational partition function, Eu is the upper

state energy, Tex is the excitation temperature, ν is the frequency of the transition, Sµ2 is the

transition strength, ∆T ∗A is the peak line intensity, ∆V is the line width, ηb is the beam efficiency

at frequency ν, and Tbg is the background temperature. The source of the observed emission is

assumed to completely fill the beam.

Using Equation 1.4, upper limits to the beam averaged column density based on the 1σ RMS

noise limit were calculated, and are reported in Table 1.3. An approximate rotational temperature

appropriate for each source was used based on data available in the references shown in Table 1.3.

For the purposes of this work, CH3OH was used as a primary source of temperature information

when available. CH3OH was chosen due to it structural similarities with NH2OH and its presence

in the majority of these sources, allowing for greater consistency than would be possible using

other molecules, such as amines. Further, the wealth of observational data on CH3OH makes

temperatures derived from its observations more accurate. In any case, the upper limits presented

here are fairly insensitive to the relatively minor range of rotational temperatures observed in these

sources. Fractional abundances with respect to molecular hydrogen were calculated for each source

based on these upper limits. In the case of Sgr B2(N), the Garrod et al. (2008) [7] model predicts
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Table 1.3: 1σ RMS level of T ∗R, upper limits on column density of NH2OH, H2 column density,
relative abundance of NH2OH, and assumed value of Trot.

T ∗R NNH2OH NH2
NNH2OH/NH2

Trot
Source (mK) (cm−2) (cm−2) (K)
Orion KLa 6.4 <2 x 1013 7.0 x 1023 <3 x 10−11 120
Orion Sb 4.0 <9 x 1012 1.0 x 1023 <9 x 10−11 80
IRC+10216c 5.1 <8 x 1013 3.0 x 1022 <3 x 10−9 200
Sgr B2(OH)d 7.0 <3 x 1013 1.0 x 1024 <3 x 10−11 70
Sgr B2(N)e 6.6 <2 x 1013 3.0 x 1024 <8 x 10−12 70
W51Mf 7.7 <4 x 1013 1.0 x 1024 <4 x 10−11 100
W3IRS5g 4.3 <2 x 1013 5.0 x 1023 <3 x 10−11 70
a) Trot from [21]; NH2 from [32] and Refs. therein.
b) Trot from [22]; NH2

from [32] and Refs. therein.
c) Trot from [33]; NH2

from [34]
d) Trot from [24]; NH2

from [32] and Refs. therein.
e) Trot and NH2 from [25]
f) Trot from [26]; NH2 from [32] and Refs. therein.
g) Trot and NH2

from [27]

a relative abundance for NH2OH of 3.5 x 10−7 - 4.2 x 10−6, which is up to six orders of magnitude

higher than the observed upper limits.

1.5 Discussion

In this paper, we reported on the negative detection of hydroxylamine (NH2OH) towards several

astronomical sources. Upper limits to the beam averaged column density have also been determined

for each source based on the 1σ RMS noise level in each spectra. Recent chemical models introduced

a new gas-grain chemical network utilizing radical-radical reactions as formation mechanisms [7].

The model reproduces the beam averaged column densities of species such as methanol (CH3OH),

acetaldehyde (CH3CHO), and even glycolaldehyde (CH2(OH)CHO) with excellent agreement with

current observed abundances toward the Sgr B2(N) star-forming region [7]. However, for NH2OH,

the predicted abundances are 3.5×10−7 - 4.2×10−6, nearly six orders of magnitude higher than the

observed upper limits reported in this study. The following sections discuss possible explanations

for this surprising difference, focusing on possible formation and destruction mechanisms.
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Figure 1.1: Observed a-type transitions of NH2OH are simulated in red over the observed
spectrum in black. Simulated spectra are shown divided by a factor of 100. An unscaled simulation

is shown in blue for Sgr B2(N), for illustrative purposes.
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Figure 1.2: Observed c-type transitions of NH2OH are simulated in red over the observed
spectrum in black. No scaling factor has been applied to the simulated spectra.
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Figure 1.3: Observed c-type transitions of NH2OH are simulated in red over the observed
spectrum in black. No scaling factor has been applied to the simulated spectra.
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1.5.1 Formation Mechanisms

The formation of NH2OH within ice grains was first proposed by Nishi et al. (1984) [13] as shown in

Equation 1.1. Previous experimental attempts to produce NH2OH within the gas phase through the

reaction of HNO+ with H2 have failed [5; 35]. The Garrod et al. (2008) [7] grain chemistry model

assumes two formation mechanisms for NH2OH, both of which assume radical-radical reactions

within the grain mantle. In early times, NH2OH is formed through the barrierless (see Figure 1 of

[7]) reactions of the hydroxyl radical (-OH) with NH followed by hydrogenation (Equations 1.5 and

1.6) similar to the well-studied hydrogenation reactions of CO forming CH3OH [36].

NH + OH→ HNOH (1.5)

HNOH + H→ NH2OH (1.6)

However, there is no current theoretical or experimental work to suggest this hydrogenation reaction

proceeds in a manner similar to CO as the model assumes. In fact, given the different states of

these molecules, CO having a 1Σ+ electronic configuration while NO is a 2Π, it is likely that the

hydrogenation of NO will proceed quite differently from that of CO. This difference could account

for the higher abundances predicted by the Garrod et al. (2008) [7] model at lower temperatures.

As warming takes place and the hydroxyl radical becomes more mobile on the surface of the

grain, the model predicts the barrierless reaction with NH2 to become dominant (Equation 1.7).

NH2 + OH→ NH2OH (1.7)

However, experimental studies have shown that in an isolated argon matrix, NH2 quickly combines

with a free hydrogen radical to form NH3 when a temperature of 20 K is reached [37]. The question

then becomes whether NH2 and OH have a higher probability to react to form NH2OH in interstellar

ices before they recombine with free hydrogen to form NH3 and H2O, respectively.

Interstellar ices are considerably more complex than the isolated matrices used in the Schnepp

& Dressler (1960) laboratory study [37], as are the ices considered in the Garrod et al. (2008) [7]



17

model, which contain a number of other simple species (e.g. CH4, CH3OH, NH3, CO, CO2, HCOOH,

H2O). As such, NH2 and OH are not the only species present to react with free hydrogen, which

may instead react with itself (to form H2) or with other smaller species. An examination of the

rates of reaction of free hydrogen with these species might therefore be in order to help determine

whether NH2 and OH would be available in sufficient quantities to form a detectable abundance of

NH2OH in the ISM.

There is experimental evidence to support the radical-radical formation of NH2OH from NH2

and OH precursors in electron-irradiated ammonia-water ice samples [14]. Upon irradiation, an NH3

species is found to undergo unimolecular decomposition to form the NH2 radical and a free hydrogen

atom (Equation 1.8).

NH3 → NH2 + H (1.8)

Water decomposes in a similar fashion, forming OH and H. After irradiation, a new absorption peak

at ∼1500 cm−1 was observed and attributed to NH2 formation. As the ice samples were warmed,

the species released in the gas phase were monitored by IR and mass spectroscopy. The presence of

NH2OH was first noted in the IR measurements as the sample reached 174 K. As the temperature

continued to rise, the abundance of NH2OH decreased until non-detection at 200 K. NH2OH was

also observed in the mass spectroscopy measurements from 160 - 180 K. It is important to note that

NH2OH is observed at temperatures above which most, if not all, of the water and ammonia have

sublimed.3

While this study does support the formation of NH2OH through radical-radical recombination

within interstellar ices, it also provides potential evidence as to why NH2OH is not currently ob-

served in the ISM. Is there a possible temperature problem? The Garrod et al. (2008) [7] model

predicts the high abundance of NH2OH with a temperature on the order of ∼130 K. According

to the experimental data, NH2OH was not observed in the gas phase until temperatures exceeded

160 K. Unfortunately, strong water absorption bands obscure NH2OH absorption features, making

3Since the publication of this work, the desorption temperature in the ISM has been revised to a lower value of
∼120 K (S. Ioppolo, Private Communication [2013]).
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its detection using infrared observations towards hot core regions impossible. However, using the

temperature determined from the laboratory experiments as a basis for subsequent observations, for

regions where the temperature exceeds 160 K, detection in the gas phase should be possible using

millimeter wave observations. It is possible that the NH2OH emission is confined to very compact

(<5′′) hot core regions such as the SgrB2(N-LMH) [38], and that the single dish observations from

this survey are too beam-diluted to detect the emission from this compact region. As such, higher

spatial resolution interferometric observations are needed to more thoroughly couple to the higher

temperature regions in order to detect this species.

Alternatively, observations could be conducted towards molecular sources in shocked regions such

as the bipolar outflow L1157(B) or the Galactic Center. In these types of sources, molecules that

are formed on grain surfaces but that are not liberated into the gas phase by thermal desorption

due to low temperatures are instead ejected into the gas phase by shocks [39]. Detection of NH2OH

in these sources would provide valuable insight into the mechanisms behind its formation pathways

and eventual release into the gas phase.

1.5.2 Protonated Hydroxylamine

Next, we examine possible pathways for the destruction of NH2OH once it enters the gas phase. It

is well-known that ion-molecule reactions are important in gas-phase interstellar chemistry, and that

protonated species play an important role in reaction mechanisms. NH2OH, having a high proton

affinity (∼193.5 kcal mol−1), is particularly susceptible to protonation from other species such as

H+
3 , HCO+, CH+

5 , H3O+ ([5] and references therein). The energies of protonation of NH2OH by H+

and the possibility of proton transfer by H+
3 have been predicted by theory [40; 41; 42]. As a result

of protonation, two stable species were reported: NH3OH+ and NH2OH+
2 , with NH3OH+ found to

be more stable by ∼100 kJ mol−1.

The reaction of NH2OH with either H+ or protonated methanol (CH3OH+
2 ) was predicted to be

very exothermic, and it was proposed that the excess energy would either dissociate the species or

could lead to the rearrangement of the species to the higher energy NH2OH+
2 . This could result in
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an enhanced abundance of NH2OH+
2 in the ISM. Once in the gas phase, recent theoretical work has

shown that the reaction of ionized and protonated NH2OH with H2, its most likely collision partner,

is highly unfavorable [43]. These species, therefore, are likely to remain as reaction partners for

further chemistry.

Given these considerations, even if NH2OH is produced on ice grains through radical-radical

reactions, upon its release into the gas phase, NH2OH may quickly undergo protonation. This

would result in very low observed abundances of NH2OH in the ISM. Once protonated, the reaction

with H2, by far the most likely collision partner, is highly unfavorable, and the lifetimes of these

species should therefore be greatly enhanced. A search, therefore, for NH2OH+
2 and NH3OH+ within

these star forming regions might therefore be prudent, although dissociative recombination reactions

could result in lowered abundances of these species. This would first require the acquisition of the

rotational spectra of these species in the laboratory to enable astronomical searches.

NH3OH+ is also fundamentally interesting as a prebiotic molecule, having been shown to be a

precursor to amino acid formation [6]. As shown in Equations 1.9-1.11, protonated hydroxylamine

can react with CH3COOH (Equation 1.9) and CH3CH2COOH (Equations 1.10 and 1.11) to produce

protonated glycine and protonated β- and α-alanine, respectively. Since CH3COOH is a well-

established interstellar molecule [44], the detection of NH3OH+ in the ISM would greatly enhance

our understanding of the possible formation route to glycine and possibly other simple amino acids

in interstellar environments.

NH3OH+ + CH3COOH→ NH3CH2COOH+ + H2O (1.9)

NH3OH+ + CH3CH2COOH→ NH3CH2CH2COOH+ + H2O (1.10)

NH3OH+ + CH3CH2COOH→ CH3CH(NH3)COOH
+

+ H2O (1.11)

1.6 Conclusions

We report the non-detection of NH2OH towards seven sources. Calculated upper limits for the

abundance of this molecule are as much as six orders of magnitude lower than those predicted
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for the species by recent models. Several factors could account for this discrepancy, including the

rapid removal of precursor molecules from ice mantles through reaction with free hydrogen or the

rapid protonation (and subsequent dissociative recombination) of NH2OH by H+, H+
3 , CH+

5 , and

other efficient protonation mechanisms. The single dish observations presented here are likely highly

beam-diluted. Higher-resolution interferometric observations could provide the sensitivity required

for detection, and therefore allow better refinement of models that currently predict the presence of

NH2OH in high abundance.
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Chapter 2

Propynylidynium (l-C3H
+ )

Significant portions of this chapter have been reproduced from “A search for l-C3H+ and l-C3H–

in Sgr B2(N), Sgr B2(OH), and the dark cloud TMC-1” by B.A. McGuire et al., Astrophysical

Journal, 774, 56 (2013) [45], “An observational investigation of the identity of B11244 (l-C3H+

/C3H– ?)” by B.A. McGuire et al., Astrophysical Journal, 783, 36 (2014) [46], and “A CSO Search

for l-C3H+ : detection in the Orion Bar PDR” by B.A. McGuire et al., Monthly Notices of the

Royal Astronomical Society, 442, 2901 (2014) [47].

2.1 A Brief History of l-C3H
+

The identification and characterization of molecular species in the interstellar medium (ISM) has

traditionally followed a linear progression. Species of interest, perhaps highlighted by chemical

models, are obtained or produced in the laboratory, and their characteristic spectra (rotational,

vibrational, etc.) are measured. These spectra are fit to constants unique to each species that

can then be used, with knowledge of the Hamiltonian, to reproduce the spectra and predict the

appearance of additional features under interstellar conditions. Observations of either the measured

lab features or calculated transitions in the ISM can then be used to unambiguously identify and

characterize new molecules in astronomical environments.

In 2012, Pety et al. reported the detection of a series of eight transitions arising from an uniden-

tified molecular carrier in an Institut de Radioastronomie Millimtrique (IRAM) 30 m telescope

spectral line survey of the Horsehead Photodissociation Region (PDR) [48]. The pattern present

in the transitions indicated a closed-shell linear molecule in its electronic ground state. Based on

this assumption, Pety et al. (2012) fit the transitions using a standard linear-rotor Hamiltonian and

derived the rotational constants shown in Table 2.1. Although no laboratory work was found in the
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Table 2.1: Results of the spectroscopic fit of [48] to the eight unidentified transitions.

Parameter Value Unit
B 11244.9512(0015) MHz
D 7.766(040) kHz
H 0.56(0.19) Hz
Note – Uncertainties given in parentheses

in units of the last significant digit.

literature for a linear molecule with such a constant, theoretical studies indicated the l-C3H+ cation

to be an excellent match [49].

Pety et al. (2012) [48] further bolster their assignment by examining the chemistry of l-C3H+

in the Horsehead PDR using the Muedon PDR code for gas-grain chemistry with the Ohio State

University gas-phase chemical network [50; 51]. They find that the dominant formation pathway is

through Reaction 2.1 of C2H2 with C+, while destruction occurs rapidly via Reactions 2.2 & 2.3

with H2.

C2H2

C+

−−→ C3H+ + H (2.1)

C3H+ H2−−→ C3H+
2

e−−−→ C3H + H (2.2)

C3H+ H2−−→ C3H+
3

e−−−→ C3H2 + H (2.3)

Indeed, these reactions are thought to be the most important gas-phase channels to form other small

hydrocarbons, like C3H and C3H2, which are widely observed in different environments [52; 53].

However, the observed abundances of C3H and C3H2 in PDRs are much higher than what pure gas-

phase models predict. One possible explanation is that polycyclic aromatic hydrocarbons (PAHs) are

fragmented into these small hydrocarbons in PDRs due to the strong UV fields (see, e.g., [54; 55; 56]).

Observations of l-C3H+ would thus brings further constraints to the formation pathways of the small

hydrocarbons in these environments, perhaps providing an alternative explanation for their over-

abundance.

Shortly after the initial detection by Pety et al. (2012) [48], Huang and co-workers challenged

the assignment of the carrier to l-C3H+ based on new, high-level theoretical calculations [57]. They

found that while their calculations for l-C3H+ agree (within typical accuracies) with the fitted value

of B from [48], their D constant differed by more than 40%, while their calculated value for H

differed by three orders of magnitude. These differences fall well outside the predicted accuracy of

the calculations, and form the basis for their dispute of the assignment to l-C3H+ .
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Around the same time, we began to approach the topic from an observational and chemistry-

based perspective. Due to the ambiguity in the identity, we adopted the convention of referring to

the carrier as B11244. Our first goal was to test the predictive power of the spectroscopic fit to the

observations in the Horsehead PDR. If the fit was indeed valid, then the two lowest-lying rotational

transitions, the J = 1 − 0 and J = 2 − 1 lines at 22.5 and 45.0 GHz, respectively, fell within the

range of our existing observations of Sgr B2(N), Sgr B2(OH), and the dark cloud TMC-1. We found

a detection of both transitions of B11244 in Sgr B2(N), and tenuous evidence for its presence in Sgr

B2(OH). The results of this investigation are detailed in §2.2 and in [45].

Shortly thereafter, Fortenberry and co-workers proposed the anion C3H– as a more likely candi-

date for the carrier, based on similarly high-level quartic force field calculations [58]. The theoretical

predictions show that the observed transitions from [48] could be well-fit to the Ka = 0 transitions

of the quasi-linear C3H– . Further, the calculated value for D for C3H– was three times closer to

the experimentally-fit value in the Horeshead PDR than that calculated for l-C3H+ .

Fortenberry et al. (2013) assert that C3H– is a likely interstellar molecule based on favorable

formation chemistry. The most likely path to the formation of C3H– proceeds through radiative

association (see Reaction 2.4).

C3H + e− → [C3H−]∗ → C3H− + hν (2.4)

Here, an electron capture by C3H promotes the complex into an electronically-excited state that

then radiatively decays to the ground electronic state, emitting a photon. These processes work

efficiently only if the electronically-excited state lives longer than the timescale for photon emission

– i.e., the electronically excited state must be bound. For most interstellar anions formed through

this pathway (see, e.g. C4H–, C6H–, C8H– [59]), the only such state available is a dipole-bound

excited state. While C3H– does possess a dipole-bound excited state, it also has a relatively low-

lying valence-bound excited state [58]. Thus, Fortenberry et al. (2013) [58] argue that the formation

pathways for C3H– heavily favor its existence in relatively high abundance.

Motivated by this work, we re-examined our observations of Sgr B2(N) and TMC-1, as well as

the Horsehead PDR survey from J. Pety and the Barry E. Turner legacy survey of IRC+10216 in

the context of discussing: “What if B11244 is actually C3H– ?” We found no evidence for B11244

in IRC+10216, and no evidence in any source of the Ka = 1 transitions that should be present, at

detectable intensity, if B11244 were C3H– , due to the quasi-linear nature of the molecule. Based on

these findings, and a detailed analysis of the physical and chemical conditions under which B11244
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is to be and to not be present, we found no evidence to support the assignment of B11244 to C3H–.

The results of this investigation are detailed in §2.3 and in [46].

In early 2014, Brünken and co-workers [60] measured several transitions of l-C3H+ in the labora-

tory using mass-selective action spectroscopy, and confirmed the assignment of B11244 to

l-C3H+ . This was followed shortly thereafter by theoretical calculations accounting for the vibra-

tional coupling contributions of a shallow CCC bending potential, with the results further supporting

the attribution to l-C3H+ [61].

Finally, while the question of identity has now been resolved, questions remain surrounding the

formation conditions and chemical implications of l-C3H+ . Because l-C3H+ has been definitively

detected in only two environments – the Horsehead PDR and Sgr B2(N) – efforts to explore these

questions are hampered by a lack of information. In an attempt to address this deficiency, we

conducted a wide search of PDRs and complex molecular sources in search of l-C3H+ . In §2.4 and

in [47], we present the results of a brief, targeted campaign of 14 astronomical sources with the

Caltech Submillimeter Observatory (CSO) covering the J = 10 − 9 and J = 12 − 11 transitions of

l-C3H+ . We also examine the J = 10− 9 transition in broadband unbiased line surveys of a further

25 sources.
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2.2 A Search for l-C3H
+ and l-C3H in Sgr B2(N), Sgr B2(OH),

and the Dark Cloud TMC-1

The identification by Pety et al. (2012) [48] of l-C3H+ is significant – the number of molecular

species detected in the ISM via rotational transitions without the a priori knowledge of laboratory

spectra or constants is quite small. Notable among these is the detection of the HCO+ ion, popularly

attributed to unidentified features in observations by Buhl and Snyder in 1970 [62] dubbed “xogen,”

but not definitively detected until laboratory measurements were available nearly six years later

[63] following the suggested theoretical assignment of Klemperer (1970) [64]. The N2H+ ion was

detected in 1975 [65; 66] following observation in 1974 [67], which was confirmed by laboratory

studies in 1976 [68]. Shortly thereafter, Guélin, Green, & Thaddeus identified the C3N [69] and

C4H [70] radicals based on their observations, which were confirmed by theoretical studies [71] and

laboratory measurements several years later [72]. More recently, strong evidence for the detection

of the C5N– anion has been found towards IRC+10216 in work by Cernicharo et al. (2008) [73],

supported by the ab initio calculations of Botschwina et al. (2008) [74].

In light of the work by Huang et al. (2013) [57], we examined observational data toward three

sources beyond the Horsehead PDR – Sgr B2(N), Sgr B2(OH), and TMC-1 – in an attempt to

confirm the robustness of the spectroscopic fit determined in [48], and to provide context for the

debate. The results of those observations are presented here.

2.2.1 Observations

The cm-wave data presented here towards Sgr B2(N) were taken as part of the PRebiotic Interstellar

MOlecular Survey (PRIMOS) project using the National Radio Astronomy Observatory’s (NRAO)

100-m Robert C. Byrd Green Bank Telescope. The PRIMOS key project began in January of 2008,

and observations continue to expand its frequency coverage. This project provides high-resolution,

high-sensitivity spectra of the Sgr B2(N-LMH) complex centered at (J2000) α = 17h47m19s.8, δ

= -28◦22′17′′ with nearly continuous frequency coverage from 1 - 50 GHz. The 2 mm observations

(hereafter the Turner Survey) were conduced by Barry E. Turner using the NRAO 12-m Telescope on

Kitt Peak between 1993 – 1995 towards a number of sources, including Sgr B2(N) and the associated
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Sgr B2(OH). A complete description of the PRIMOS observations is given in [75].1 Details of the

Turner Survey can be found in [4] or in [76].2

2.2.1.1 Sgr B2(N)

The observed J = 1− 0 and J = 2− 1 transitions of l-C3H+ towards Sgr B2(N) are shown in Figure

2.1, with each spectral region shifted to the rest frequency as predicted by [48], and assuming a

VLSR = +64 km s−1. There are clear absorption signals for both transitions at the +64 km s−1

component. A less intense, but visible, absorption feature is observed in the +82 km s−1 component

for the J = 1−0 line. This is consistent with previous observations of molecular signals in this source

(e.g. HNCNH, [77]), where much weaker signals are observed in the +82 km s−1 component. At

higher frequencies from the Turner Survey, weak emission is seen at the frequencies of the J = 6− 5

and J = 7− 6 transitions. The observed intensities of these features are consistent with the column

densities and temperatures derived in §2.2.2, and provide a constraint on the continuum temperature

at these frequencies. The observed intensities and linewidths are given in Table 2.2.

To further confirm the detection, we have performed an analysis of the probability of coincidental

overlap of the J = 1 − 0 and J = 2 − 1 transitions following the convention of [75]. Using the

parameters from [75] for the line density of absorption features and weak absorption features, and

assuming a conservative FWHM of 25 km s−1, we find the probability of a single coincidental overlap

to be ∼0.05. For two coincidental transitions, this probability falls to ∼0.003.

For comparison, we have also searched for the J = 3/2−1/2 rotational branch of the neutral l-C3H

molecule occurring around 32.6 GHz. The PRIMOS spectra are shown in Figure 2.3. Absorption

is clearly observed in all lines at +64 km s−1, while weaker absorption is seen in the +82 km s−1

component. The weaker absorption in the +82 km s−1 component compared to the +64 km s−1

is consistent with observations of the l-C3H+ species. The observed intensities and linewidths are

given in Table 2.3.

2.2.1.2 Sgr B2(OH)

Our coverage of Sgr B2(OH) includes only the J = 6 − 5 and J = 7 − 6 transitions of l-C3H+ . In

the Sgr B2(OH) complex, these signals are much clearer in the +64 km s−1 component than in Sgr

B2(N), but no signal is seen in the +82 km s−1 component (see Figure 2.2). The lines are observed

1Specifics on the observing strategy, including the overall frequency coverage and other details for PRIMOS, are
available at http://www.cv.nrao.edu/∼aremijan/PRIMOS/.

2Access to the entire PRIMOS dataset and complete Turner Survey are available at
http://www.cv.nrao.edu/∼aremijan/SLiSE.
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Figure 2.1: Observed transitions of l-C3H+ towards Sgr B2(N). Plots are on a common velocity
scale, with rest frequencies assuming a VLSR = +64 km s−1 and line centers taken as those fitted

by [48]. Blue and red lines indicate the +64 and +82 km s−1 common velocity components in
observations of Sgr B2, respectively. Predictions of line profiles and intensities in the Sgr B2(N)

observations based on the best fit temperature and column density determined from the J = 1− 0
and J = 2− 1 transitions are shown as a dashed profile in blue.
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+82 km s−1 common velocity components in observations of Sgr B2, respectively.

in emission, and are likely blended with neighboring transitions. No signal from neutral l-C3H is

observed in the available data toward Sgr B2(OH).

2.2.1.3 TMC-1

Kaifu et al. (2004) [78] observed the J = 3/2− 1/2 hyperfine transitions of l-C3H in their survey of

TMC-1, building on a previous detection of the molecule in this source and in IRC+10216 [79]. In

their survey, Kaifu et al. observed two additional transitions of l-C3H, the two weakest F = 1 − 1

hyperfine lines, and used these measurements to further refine the constants originally derived by

[79], and in the laboratory by [80]. The detected transitions are shown in Figures 2.4 and 2.5, and

the parameters reported by [78] are given in Table 2.3. Details of the observations are given in [78].

No evidence for the J = 1 − 0 transition of l-C3H+ in emission or absorption is present in the

TMC-1 data. Very weak absorption is seen at the frequency of the J = 2 − 1 transition, as shown

in Figure 2.6. While tantalizing, it is certainly not definitive evidence of the presence of l-C3H+ .

2.2.2 Results

Column densities and temperatures were determined using Equation 1.4, and the results are pre-

sented in the following sections.

2.2.2.1 Sgr B2(N)

Using Equation 1.4, a best fit value of Tex ' 10 K is found for the transitions observed towards Sgr

B2(N), giving a total column density of l-C3H+ of ∼1013 cm−2. Linewidths of 13.4 and 14.7 km−1
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Figure 2.6: The J = 2− 1 transition of l-C3H+ toward TMC-1 from the [78] data. Rest
frequency is adjusted for a VLSR = +5.85 km s−1, and indicated by a blue line.

were assumed based on Gaussian fits to the absorption profiles, and a dipole moment of µ = 3 Debye

was used following [48]. Predicted line profiles for the these transitions are shown as dashed blue

lines in Figure 2.1 using the derived values for Tex and column density. The observations of l-C3H+

absorption in Sgr B2(N) indicate that the signal likely arises from cold, diffuse gas surrounding the

hot, dense core, rather than from the hot core itself, consistent with observations of other cold,

extended species in this source (see e.g. [75; 30]). The derived abundance is similar to those derived

in previous observations of small organic molecules toward this source [25].

For comparison, we calculated an approximate column density of neutral l-C3H using the tran-

sitions shown in Figure 2.3 from PRIMOS and Equation 1.4. Although six transitions of neutral

l-C3H are observed, all are hyperfine components of the single J = 3/2− 1/2 manifold. As a result,

two parameter (Tex and NT ) fits are not well-constrained. We have therefore proceeded on the

assumption that, as they are both observed in absorption and are likely co-spatial, neutral l-C3H

and l-C3H+ will be similar in excitation temperature. We find a value of Tex ' 8.7 K with a column

density of ∼1014 cm−2 provides a good approximation. This results in a ratio of neutral:l-C3H+ in

Sgr B2(N) of ∼6:1, consistent with the ratio Pety et al. (2012) [48] derived of ∼4:1 in the Horsehead

PDR. High-resolution maps of both neutral l-C3H and l-C3H+ would greatly aid in determining the

validity of these assumptions.
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The observed behavior of l-C3H+ in moving from absorption to emission with increasing fre-

quency is not unique to this molecule in Sgr B2(N). For example, CH2OHCHO [30], CNCHO [81],

CH3CHO [82], and especially HCCCHO (R. Loomis, private communication), among others (includ-

ing CH3OH and H2CO), display similar behavior. This is largely a function of decreasing continuum

temperature with frequency. In fact, the J = 6 − 5 and J = 7 − 6 transitions provide a constraint

on the background continuum temperatures above the CMB of ∼1 K at 135 GHz, and ∼0.5 K at

157 GHz.

2.2.2.2 Sgr B2(OH)

In Sgr B2(OH), only two lines fall within the frequency of the Turner Survey observations, the lower

of which (at 135 GHz) is clearly blended (see Figure 2.2). As such, here we calculate only an upper

limit to l-C3H+ column density on the assumption that all of the emission at the peak of each signal

arises from l-C3H+ . A line width of 9 km s−1 was assumed based on the analysis of nearby spectral

regions from the same dataset by [4]. Based on these values, a best fit Tex of ∼79 K gives an upper

limit on the column density of ≤ 1.5× 1013 cm−2.

2.2.2.3 TMC-1

The lack of any definitive signal from l-C3H+ towards TMC-1 precludes any quantitative determina-

tion of a column density. However, assuming the weak absorption signal at 44.9 GHz does arise from

J = 2 − 1 of l-C3H+ , a zeroth-order approximation of the column density can be obtained using

Equation 1.4 and an estimated temperature of ∼9 K [83]. Such an analysis results in an estimated

upper limit to the column density of ∼6× 1011 cm−2.

For comparison, the column density of neutral l-C3H, assuming the same temperature of ∼9 K,

is ∼9 × 1012 cm−2 in this source. This results in a ratio of 15:1, two and a half times that in Sgr

B2(N), and almost four times that in the Horsehead PDR. Given the large uncertainties involved,

however, these numbers are not inconsistent.

2.2.3 Spectral Fitting

The spectroscopic parameters and line list for l-C3H+ as listed in the CDMS catalog is accessible

in full via www.splatalogue.net. Huang et al. (2013) [57] question the assignment of the observed

transitions to l-C3H+ based on large discrepancies between observed and calculated values for the

D and H distortion constants. The predictions of [48] were robust enough to predict the J = 1− 0
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and J = 2− 1 transitions presented in §2.2.1.1. However, in an effort to confirm their values for the

D and H constants, we have refit the molecular signals using the frequencies for the J = 1− 0 and

J = 2− 1 transitions determined from our observations.

The observed transitions of l-C3H+ were fit using the CALPGM [84] program suite, using a

standard linear rotor Hamiltonian giving energies as shown in Equation 2.5.

E(J) = BJ(J + 1)−D(J(J + 1))2 +H(J(J + 1))3 + L(J(J + 1))4 +M(J(J + 1))5 + (...) (2.5)

CALPGM is designed to fit spectroscopic constants of a model Hamiltonian to a set of observed

transitions using an iterative least-squares fitting algorithm. Following Pety et al. (2012) [48], we

include first (D) and second (H) order centrifugal distortion constants in the Hamiltonian, producing

a fit to the unshifted transitions with an RMS observed minus calculated value of 0.0862 MHz, below

the average observational uncertainty of 0.1015 MHz. Addition of higher order terms L and M in

equation 2.5 is found to improve the RMS of the fit by ∼10 kHz for each additional term, and

give a RMS change in the predicted frequencies of ∼90 kHz and 80 kHz for L and M respectively.

These corrections are below the experimental uncertainty, and therefore of questionable physical

significance; thus, only the first and second order corrections are included in the final fits. As a final

step, the 1σ uncertainty of all fit parameters was computed using the PIFORM program.3

The spectral resolution of the PRIMOS observations is significantly higher than those from

[48]; ∼21 kHz versus 49 and 195 kHz. However, the linewidths of the observed transitions in Sgr

B2(N) used in the fit are broad compared to those observed by Pety et al. (2012) [48] in the

Horsehead PDR (13.3 & 14.7 km s−1 versus ∼1 km s−1), thus introducing additional uncertainty in

the measurement of the line centers. Further, as discussed by Pety et al. (2012) [48], the absolute

accuracy of the spectroscopic constants is determined by the accuracy to which the VLSR velocity of

l-C3H+ emission is known. The use of two independent observational datasets towards two separate

sources compounds this issue.

While we cannot mitigate the uncertainty due to the broad lineshapes, we have attempted to

minimize the effects of uncertainty in VLSR. To account for this, a minimization of the fit RMS was

performed by varying the VLSR offsets for the PRIMOS dataset and the IRAM dataset independently

over a range of -3 km s−1 to +3 km s−1. The results of this analysis indicate that convergence is

quickly reached with minimal variation in either dataset. Based on their observations of similar

molecules, Pety et al. (2012) [48] determined an uncertainty level of ±0.2 km s−1 for the IRAM

3Z. Kisiel, PIFORM available at http://www.ifpan.edu.pl/∼kisiel/asym/asym.htm#piform
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Table 2.4: Best-fit spectroscopic constants obtained by shifting VLSR for the PRIMOS and
IRAM datasets.

∆VLSR (km s−1) ∆VLSR (km s−1)
IRAM -0.2, PRIMOS 0.4 IRAM 0.2, PRIMOS 0.8

B 11244.9421(41) MHz B 11244.9571(41) MHz
D 7.745(80) kHz D 7.745(80) kHz
H 0.49(37) Hz H 0.49(37) Hz
Fit RMS 31.9 kHz Fit RMS 31.9 kHz
Note – 1σ uncertainties on spectroscopic constants (type A, k = 1 [85])
are given in parentheses in units of the last significant digit.

dataset. Under these constraints, a minimum RMS is achieved with offsets to the PRIMOS dataset

of 0.4 - 0.8 km s−1 – equivalent to approximately twice the resolution of the observations at 22

GHz. For comparison, a PRIMOS offset of 0.0 km s−1 requires an IRAM offset of -0.6 km s−1 for

minimization.

The best fit rotational constants found at the outer limits of the best fit region (assuming ±0.2

km s−1 offsets to the IRAM data) are shown in Table 2.4. The absolute variance in the B rotational

constant at the outer limits of the IRAM offsets is found to be 15 kHz, much less than the resolution

of the observations. The implications of these results are discussed in the following section.

2.2.4 Discussion

At first glance, the presence of l-C3H+ would be remarkable, as the species is known to react readily

(and destructively) with H2 [86]. The arguments for the assignment of these features to l-C3H+

in [48], however, appear robust. l-C3H+ is thought to be a key intermediate in the production of

small hydrocarbon molecules, including l-C3H. Indeed, the detected abundance of l-C3H+ in the

Horsehead PDR is remarkably consistent with chemical models of the region performed by Pety et

al. (2012) [48]. Additionally, as discussed in [48], the reaction rate of the destructive reaction of

l-C3H+ with H2 is strongly dependent on the gas temperature, with very low temperatures (T < 20

K), and especially warmer temperatures (T > 50 K), decreasing the reaction rate coefficients [87].

Therefore, perhaps it is not surprising to have found cold l-C3H+ (T < 11 K) in Sgr B2(N) and

possibly TMC-1, but warm (T ∼80 K) l-C3H+ in Sgr B2(OH).

Due to the challenges discussed in §2.2.3, the constants we determine from our spectroscopic fit

have greater uncertainties than those determined in [48]. These may, in fact, be more of a faithful

reflection of the true uncertainties than those presented in [48], as our fit takes into account the

inherent uncertainties in VLSR. Nevertheless, our analysis agrees quite well with that in [48]; we
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find that the values for D and H do not vary from theirs within the stated uncertainties. Thus,

we conclude that the fit presented in [48] is a faithful representation of the detected molecular

signatures, and is consistent with a closed-shell, linear molecule. Further, the abundances and

physical conditions are consistent with the current understanding of l-C3H+ and l-C3H chemistry.

Resolving the discrepancies presented in [57] through astronomical observations will certainly

require further, higher-frequency observations of the molecule. As the effects of the D and H

constants become exponentially more pronounced with higher J-levels, each additional line measured

beyond those found by Pety et al. (2012) will serve to lock these values into place. Indeed, by 315

GHz, the difference in the predicted line frequencies using the D and H constants of [48] and [57]

differ by more than 9 km s−1. Thus, observation of these lines in Sgr B2(OH), where the warmer

conditions favor lines in this frequency range, could help to resolve this issue despite the broad

linewidths observed there.

There is, however, no substitute for laboratory data, and although further astronomical observa-

tions could certainly help to resolve the question, they cannot approach the level of confidence found

in experiments in a laboratory setting. Thus, laboratory measurements using absolute frequency

standards and controlled production conditions are warranted to expand the spectroscopic study of

l-C3H+ . The laboratory observation of small hydrocarbon and hydrocarbon chain neutrals, cations,

and anions is a well-established, if non-trivial process (see e.g. [88; 89]).

2.2.5 Conclusions

Here, we have presented observations of the J = 1 − 0 and J = 2 − 1 transitions of the l-C3H+

molecule in Sgr B2(N), and observations of the J = 6 − 5 and J = 7 − 6 transitions in Sgr B2(N)

and Sgr B2(OH) using the publicly-available PRIMOS data and the Barry E. Turner Legacy Survey.

Neutral l-C3H has been detected in Sgr B2(N) in a ratio consistent with that found in the Horsehead

PDR. Observations of TMC-1 reveal strong l-C3H signals and a tentative detection of a weak l-

C3H+ transition. A spectroscopic fit of the molecule, including the newly-observed J = 1 − 0

and J = 2 − 1 transitions, agrees with that of [48], but does not resolve the discrepancy with

the calculated constants of [57]. Follow-up observational and laboratory studies are warranted to

definitively identify the molecule.
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2.3 An Observational Investigation of the Identity of B11244

(l-C3H
+ /C3H

– )

In this section, we re-examine the observations of Pety et al. (2012) [48] toward the Horsehead

PDR, as well as PRebiotic Interstellar MOlecular Survey (PRIMOS) observations of Sgr B2(N), the

Kaifu et al. (2004) [78] survey of TMC-1, and the Barry E. Turner legacy survey of IRC+10216

in the context of discussing: “What if B11244 is actually C3H– ?” Due to the uncertainty in the

assignment, here we adopt the convention of referring to the carrier as B11244. In §2.3.1, we discuss

the spectroscopy of C3H– using the properties derived by Fortenberry et al. (2013) [58], and present

simulated spectra. In §2.3.2, we briefly outline the observations used, and in §2.3.3 discuss the

analysis of these observations. Finally, in §2.3.4, we present the results of our findings, and discuss

them in the context of determining the identity of B11244.

2.3.1 Spectroscopic Analysis

Table 2.6 provides the rotational constants and dipole moments used in this work to describe B11244,

assuming it is l-C3H+ or C3H– . The spectroscopic constants and fit for l-C3H+ are provided in [48],

and their predictive power confirmed in [45]. Fortenberry et al. (2013) [58] provide a high-accuracy

equilibrium structure for C3H– , rotational constants, and dipole moments. These moments are not

in the principal axis (PA) system, but can readily be converted to the PA system with a simple

coordinate rotation resulting in µx → µa = 1.63 Debye and µy → µb = 1.41 Debye. Indeed, the

magnitude of this rotation is small, such that the value of these dipole moments remains essentially

unchanged. Were the observed transitions in [48] and [45] due to C3H– , they would be a-type,

Ka = 0 transitions, and thus (B + C) and DJ could be well-determined from these lines. To

obtain these constants, the observed transitions were fit using the CALPGM suite of programs.

An asymmetric-top Hamiltonian with a Watson S reduction in the Ir representation was used.4

The remaining constants were necessarily used as-is from the theoretical calculations. A simulated

spectrum of C3H– at 22 K using this combined set of constants is displayed in Figure 2.7. A full

CALPGM catalog for C3H– to 2 THz is also provided in Appendix B (see Table 2.5).

4Full details on the expressions and algorithms can be found in the CALPGM documentation and refs. therein.
The interested reader may find that the analytical analysis presented in [90] provides a useful (and more approachable)
approximation.
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Table 2.5: CALPGM catalog simulation of C3H– format.

Column Format Description
1 F13.4 Frequency (MHz)
2 F8.4 Error of Freq (MHz)
3 F8.4 Base 10 log intensity (nm2MHz at 300 K)
4 I2 Degrees of freedom in partition function
5 F10.4 Lower state energy (cm−1)
6 I3 Upper state degeneracy
7 I7 Species tag
8 I4 Quantum number format identifier
9 6I2 Upper state quantum numbers
10 6I2 Lower state quantum numbers
For a complete description of this file format,
see CALPGM documentation located at spec.jpl.nasa.gov.

Table 2.6: Rotational constants and dipole moments for l-C3H+ and C3H– .

Constant l-C3H+ Ref. C3H– Ref.
A (MHz) ... ... 529 134 (3)
B (MHz) 11 244.9512(15) (2) 11 355.3 (1)
C (MHz) ... ... 11 134.5 (1)

D (kHz) 7.766(40) (2) ... ...
DJ (kHz) ... ... 4.63 (1)
DJK (kHz) ... ... 702 (3)
DK (MHz) ... ... 218 (3)
d1 (Hz) ... ... -112 (3)
d2 (Hz) ... ... -23 (3)
H (Hz) 0.56(19) (2) ... ...

µa (Debye) ... ... 1.63 (1,3)
µb (Debye) 3 (2) 1.41 (1,3)
Refs. – (1) This work; (2) Pety et al. (2012); (3) Fortenberry et al. (2013).
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Figure 2.7: Simulated spectrum of C3H– at LTE, with an excitation temperature of Tex = 22 K.

2.3.2 Observations

Sgr B2(N) - The data presented toward Sgr B2(N) were obtained as part of the PRIMOS project

using the Robert C. Byrd 100 m Green Bank Telescope. The observed position was at (J2000)

α = 17h47m19s.8, δ = −28◦22′17′′ . An LSR source velocity of +64 km s−1 was assumed. Full

observational details, including data reduction procedures and analysis, are given in [75].5

IRC+10216 - The observations presented toward IRC+10216 are part of the Barry E. Turner

Legacy Survey using the NRAO 12 m Telescope on Kitt Peak. The observed position was at (J2000)

α = 9h47m57s.3, δ = +13◦16′43′′ . An LSR source velocity of -26 km s−1 was assumed. Full

observational details are given in [76].6

TMC-1 - The observations presented toward the TMC-1 dark cloud were taken as part of the

Kaifu et al. (2004) [78] survey using the Nobeyama Radio Observatory 45 m telescope. The ob-

served position was at (J2000) α = 4h41m42s.5, δ = +25◦41′26.9′′ . An LSR source velocity of

+5.85 km s−1 was assumed. Full observational details are given in [78].

Horsehead PDR - The observations presented toward the Horsehead PDR were taken with the

IRAM 30-m telescope as part of the Horsehead WHISPER project (PI: J. Pety). The observed

position was at (J2000) α = 5h40m53s.936, δ = −2◦28′00′′ . An LSR source velocity of +10.7 km s−1

was assumed. Full observational details are given in [48].

5Access to the entire PRIMOS dataset, specifics on the observing strategy, and overall frequency coverage infor-
mation is available at http://www.cv.nrao.edu/∼aremijan/PRIMOS/.

6All observations from the PRIMOS project and Barry E. Turner Legacy Survey are accessible at
http://www.cv.nrao.edu/∼aremijan/SLiSE.
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2.3.3 Data Analysis

The column density of B11244 in each source, assuming local thermodynamic equilibrium (LTE), can

be calculated using Equation 1.4. In the case of l-C3H+ , the partition function is well-approximated

by the standard linear-molecule formula given by Eq. 2.6, with B expressed in Hz. For C3H– , Eq.

2.7, with σ = 1 and rotational constants with units of MHz, is appropriate [29]. The accuracy of Qr

for the anion is dependent on the accuracy of the rotational constants used. Thus, there is likely an

uncertainty of a few percent in the value of Qr used here. In any case, the partition function for the

anion rapidly outpaces that of the cation above Tex ∼ 8 K.

Qr (l-C3H+) ' kT

hB
= 1.85(T ) (2.6)

Qr (C3H−) ' 5.34× 106

σ

(
T 3

ABC

)1/2

= 0.65(Tex)3/2 (2.7)

To calculate upper limits of l-C3H+ in IRC+10216, we use the molecule-specific parameters

given in [45], and the upper limit ∆T ∗A and ∆V values given in Table 2.7. The line parameters and

molecule-specific parameters used for all C3H– calculations are given in Table 2.7.

While the observed Ka = 0 transitions allow us to constrain B and C reasonably well, the lack

of any confirmed detection of a Ka = 1 transition limits the overall accuracy in predicting the

frequencies of these lines. However, the expected intensity of these lines, given a derived column

density and temperature, is likely to be fairly accurate under LTE conditions. In the Horsehead

PDR, these lines should have a peak intensity of Tmb ∼ 20 − 28 mK for J ′′ = 3 to 6, using the

derived conditions from the Ka = 0 transitions. In Sgr B2(N), the expected intensities are below

detectable values in our observations.

We calculate a theoretical uncertainty in the center frequencies for these transitions of σ ∼ 370

MHz for the J = 4− 3 transition to as much as σ ∼ 650 MHz for the J = 7− 6 transition. At LTE,

the strongest of these lines fall within the 3 mm window of the Pety et al. (2012) [48] survey. Due to

the uncertainties in the line centers, we have searched a region equal to each transition’s uncertainty

on either side of each predicted line center. After identifying all known lines within this range, we

find no detection of any signals which could be assigned to a Ka = 1 transition of C3H− at the

RMS noise level of the observations (∼5− 10 mK), despite peak predicted intensities of 20 - 28 mK

at LTE. An example spectrum of the region searched around the predicted 41,4 − 31,3 transition is

shown in Figure 2.8.
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Table 2.7: Observed and targeted transitions of B11244, assuming it is C3H−. For simplicity,
only those Ka = 1 transitions specifically searched for in our study are displayed.

Transition ν Eu Horsehead Sgr B2(N) IRC+10216
J ′Ka,Kc

− J ′′Ka,Kc
(MHz) Sij (K) ∆Tmb ∆V ∆T ∗A ∆V ∆T ∗A ∆V

10,1 → 00,0 22 489.86 1 1.079 ... ... -27 13.4 ... ...

21,2 → 11,1 44 755.94 1.5 28.07 ... ... a 14.7 ... ...
20,2 → 10,1 44 979.50 2 3.237 ... ... -70 14.7 ... ...
21,1 → 11,0 45 197.57 1.5 28.10 ... ... ≤ 9 14.7 ... ...

41,4 → 31,3 89 510.82 3.75 35.59 ≤ 5.7 0.81 ... ... ... ...
40,4 → 30,3 89 957.63 4 10.79 89 0.81 ... ... ... ...
41,3 → 31,2 90 394.13 3.75 35.70 ≤ 5.3 0.81 ... ... ... ...

51,5 → 41,4 111 887.54 4.8 40.96 ≤ 10.5 0.81 ... ... ... ...
50,5 → 40,4 112 445.57 5 16.19 115 0.81 ... ... ... ...
51,4 → 41,3 112 991.72 4.8 41.11 ≤ 14.1 0.81 ... ... ... ...

60,6 → 50,5 134 932.69 6 22.66 72 0.81 ≤52 13 ≤5 27.5

70,7 → 60,6 157 418.71 7 30.22 75 0.81 99b 13 ≤7 27.5

90,9 → 80,8 202 386.75 9 48.56 62 0.81 ... ... ... ...

100,10 → 90,9 224 868.40 10 59.36 30 0.81 ... ... ... ...

110,11 → 100,10 247 348.23 11 71.23 45 0.81 ... ... ... ...

120,12 → 110,11 269 826.05 12 84.18 25 0.81 ... ... ... ...
Note – ∆T ∗A and ∆Tmb given in units of mK, ∆V given in units of km s−1.

All upper limits are 1σ. Values for the Horsehead PDR and Sgr B2(N)
are based on Gaussian fits to the lineshapes. The FWHM for IRC+10216
is based on a zeroth-order approximation from other observed transitions.

a) Completely obscured by blends.
b) Partially blended.
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Figure 2.8: Targeted frequency window around the predicted Ka = 1, 41,4 − 31,3 transition of
C3H– centered at 89535 MHz. The RMS noise level is 5.8 mK. Three features are observed – one

each attributed to HCO+ and HOC+. A third, located at ∼89580 MHz, has been positively
identified as belonging to a known interstellar species, but has been removed from the spectra for

proprietary reasons. The identity of this line will be published in a forthcoming paper from
Guzmán et al.

At higher frequencies (ν > 500 GHz), additional branches of C3H– transitions are predicted,

with slightly greater intensity. We have no spectral coverage at these frequencies. Additionally,

these transitions are strongly dependent on the derived value for A, making any attempted search

quite challenging.

2.3.4 Results & Discussion

In the following paragraphs, we discuss the results of our analysis in the context of determining the

identity of B11244. We do not address topics that have been previously covered in the literature,

and for which our analysis provides no further information; namely, the agreement (or lack thereof)

between the fitted rotational and distortion constants for each species with those calculated by [57]

and [58].

2.3.4.1 Anion/Neutral Abundance Ratio

The results of fits to column density and excitation temperature in the Horsehead PDR and Sgr

B2(N), and upper limits in IRC+10216 and TMC-1, are displayed in Table 2.8 for l-C3H+ , C3H– ,
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and C6H− as well as neutral C3H and C6H. In the Horsehead PDR and Sgr B2(N), the calculated

column density for C3H– is ∼3 times that of the cation. This is due to an increase in the partition

function and a decrease in the value of Sijµ
2 for the anion.

Among the reported carbon-chain anionic species detected to date in the interstellar medium

(ISM) (C4H−, C6H−, C8H−), C6H− has been the most widely detected and characterized [91; 92].

The abundance fraction of C6H−, relative to the neutral, is remarkably consistent across observed

sources, varying from ∼1.4% to 4.4% [92; 88]. The abundance ratio of C3H– to neutral C3H, which

is more than an order of magnitude greater than that of C6H− in observed sources, is therefore

somewhat surprising. Additionally puzzling is that C3H– would appear to break the observed trend

of increasing anion abundance fraction with increasing size, as well as the apparent trend for even-

carbon molecular anions.

Fortenberry et al. (2013) [58] propose that the most likely route to efficient formation of C3H–

is through a radiative attachment (RA) mechanism. Herbst & Osamura (2008) [93] calculate an

exceptionally low radiative attachment rate for C3H. At 300 K, they find an attachment rate for

C3H orders of magnitude lower than for C4H, C6H, and C8H. Despite this, if B11244 is indeed

C3H−, it would be the highest anion/neutral ratio detected in the ISM.7

As described in [58], C3H– possesses both dipole-bound and valence excited states of the same

multiplicity, which provide the necessary states to allow for a RA mechanism to form the anion

[94; 95]. Because the other detected anions possess only a dipole-bound state, Fortenberry et al.

(2013) [58] propose that the presence of the valence excited state may cause an enhancement in the

production of C3H. The extent of this enhancement is difficult to quantify, and thus we cannot say

whether this can offset the lower RA rate predicted in [93].

2.3.4.2 Detection in Sgr B2(N)

To our knowledge, no molecular anions have been detected in Sgr B2(N). An examination of both

the PRIMOS cm-wave data and the 2 mm Turner Survey shows no indication of the presence of any

of the known molecular anions. Of note, no such anions have been detected in the Horsehead PDR,

either [96].

However, a re-examination of the PRIMOS data originally presented in McGuire et al. (2013)

finds some evidence for B11244 absorption in lower-velocity (VLSR ∼ +0− 10 km s−1 and VLSR ∼

+18 km s−1) diffuse clouds along the line of sight to Sgr B2(N). For illustration, the J = 1− 0 and

7Cernicharo et al. 2008 [73] find an abundance ratio of C5N−/C5N in IRC+10216 of 57%, but suggest it may in
fact be as low as 12.5%.
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J = 2− 1 transitions of B11244 are shown in Figure 2.9 in comparison to the known CH absorption

spectra toward SgrB2(N)8. The strongest observed transition of l-C3H is also shown and displays

low-velocity absorption as well, although the ∼0 km s−1 component is blended with the +64 km s−1

main component of the l-C3H, J = 3/2− 1/2, f -parity, F = 1− 0 transition.

While numerous cationic species have been detected in these diffuse clouds (see, e.g., [98; 99]),

the possibility of anion chemistry in these regions is not well-understood. Indeed, no anions have

previously been seen in these line-of-sight clouds. The indication of B11244 in these regions, pre-

sented here, will hopefully be a motivating factor that will drive future studies. Investigations of

this diffuse gas, which displays chemistry distinct from regions such as IRC+10216 and Sgr B2(N),

will certainly prove invaluable in furthering our understanding of gas-phase ion chemistry.

2.3.4.3 Non-Detection in IRC+10216

IRC+10216 has been the preeminent source for the detection of anionic species. The carbon-chain

anions C4H−, C6H−, and C8H− have all detected in this source [100; 101; 88; 102], as well as the

cyano-anions CN−, C3N−, and C5N− [103; 104; 73]. As shown in Table 2.7, however, we see no

signal from B11244 toward this source at an RMS of ∼5-7 mK. Given the known abundance of

the neutral C3H, we can determine upper limits to the anion fraction. We assume a rotational

temperature of 32 K – similar to that of C6H− and C8H− in this source, and slightly higher than

that of C4H−. This results in an upper limit abundance fraction of C3H−/C3H of only ∼7% (see

Table 2.8), about twice that of C6H− and less than half of the lower edge of our error bars in Sgr

B2(N).

2.3.4.4 Anion Destruction via Photodetachment

Kumar et al. (2013) [105] have recently shown that UV photodetachment may be the dominant

destruction mechanism of interstellar anions in IRC+10216. Their models assume the standard

interstellar UV radiation field (c.f. [106]), and find that UV photodetachment is significant at these

values. In the Horsehead PDR, however, the UV field is ∼60 times the standard UV value [107]. It

is therefore contradictory that despite a far higher (destructive) UV field, C3H– would be present in

the Horsehead PDR with an anion:neutral ratio 8 times higher than the upper limit for IRC+10216.

8The CH spectra shown are from the HEXOS survey of Sgr B2(N). Full observational, reduction, and analysis
details are available in [75] and [97].
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Figure 2.9: Observed transitions of B11244 and l-C3H toward Sgr B2(N) from PRIMOS, and CH
toward Sgr B2(N) from HEXOS. The blue vertical lines are provided to guide the eye to the diffuse
cloud velocity components. The velocity axis is referenced to the rest frequency of each transition.
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2.3.4.5 Non-Detection of Ka = 1 Transitions

The lack of detection of any signal that could reasonably be attributed to emission from Ka = 1

transitions strongly disfavors the assignment of B11244 to C3H−. In the Horsehead PDR, the Ka = 0

transitions of B11244 are well-modeled by LTE assumptions, and thus we do expect the intensity of

the Ka = 1 transitions to be reasonably well-predicted. It should be noted, however, that a single

molecule can display distinctly different excitation temperatures and column densities between two

K ladders. Indeed, previous observations of HNCO toward OMC-1 show distinct differences between

LTE column density and temperature measurements in high-K and low-K ladders [108]. The authors

attribute this to radiative excitation of the higher-K, higher-energy states through strongly allowed

b-type transitions at far-infrared (far-IR) wavelengths.

In the case of C3H– , we can examine three limiting cases that may apply in the Horsehead PDR:

LTE conditions, the influence of a weak far-IR radiation field, and the influence of a strong far-IR

radiation field.

LTE

As shown in §2.3.3, under LTE conditions, the Ka = 1 transitions of C3H– have predicted inten-

sities of 20 - 28 mK. These are clearly not detected in our spectra at the RMS noise level of the

observations (∼ 5− 10 mK). Thus, we can say with some certainty that C3H– is not present in the

Horsehead PDR under LTE conditions.

Weak far-IR radiation field

In the case of a weak far-IR radiation field, and assuming low to moderate H2 densities in the region

(i.e. non-LTE), the population of the Ka = 1, 2, ... levels will be largely dominated by radiative

selection rules. Any population driven into the Ka = 1, 2, ... levels by collisions will rapidly decay

back into the Ka = 0 states via radiative emission. For C3H– , this will result in a decrease in the

observed intensity of the Ka = 1 transitions, relative to the Ka = 0 transitions, as compared to LTE.

In this case, the lack of detected Ka = 1 transitions does not provide a constraint on the presence

of C3H– .

Strong far-IR radiation field

We now examine the case of a strong far-IR radiation field, and low to moderate H2 densities in the

region (i.e. non-LTE). For transitions arising from low-energy states, the relative populations will be
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determined by the rotational excitation temperature of the molecule (Tex = 22 K). For transitions

from higher-energy states connected by far-IR transitions, the relative populations of the energy

levels will be determined by the color temperature of the dust radiation field at that frequency if

that temperature is higher than Tex. Thus, the Ka = 1, 2, ... transitions would be relatively more

intense than predicted by LTE simulations at Tex. This is the case for HNCO in OMC-1 [108],

where the higher-K transitions are more intense than predicted from observations of the lower-K

transitions.

In the Horsehead PDR, Goicoechea et al. (2009) [109] measure the millimeter dust continuum to

have a temperature Td ' 30 K. Under these circumstances, we would expect the Ka = 1 transitions

to have intensities of ∼27− 34 mK. We can therefore conclude that assuming B11244 is subject to

the radiation field measured in [109], C3H– is not the carrier.

It is clear from the two non-LTE cases discussed above that the location of B11244 within the

Horsehead PDR region is critical. Interferometric mapping of the location of B11244, relative to the

measured continuum levels in this region, will provide considerable insight into the mechanisms at

work.

2.3.5 Conclusions

We have presented an analysis of observations of the Horsehead PDR, Sgr B2(N), IRC+10216, and

TMC-1 with the goal of determining the identity of B11244. Our findings can be summarized as

follows.

1. If B11244 is C3H– , it would display the highest anion:neutral ratio yet observed in the ISM

(57% in the Horsehead PDR).

2. We find no evidence for C3H– emission in observations toward IRC+10216, and place an upper

limit on the anion:neutral ratio in this source well below that found in the Horsehead PDR

and Sgr B2(N).

3. Recent work has shown UV photodetachment is a dominant destruction pathway for molecular

anions [105]. Despite a UV field more than 60 times that of IRC+10216, C3H– would be present

in the Horsehead PDR with an anion:neutral ratio more than 8 times that of the upper limit

in IRC+10216.

4. We find no evidence for the Ka = 1 lines of C3H– in observations of the Horsehead PDR. We

examine three limiting cases for conditions within the Horsehead PDR, and find that a weak
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far-IR radiation field can account for the lack of observed Ka = 1 transitions. LTE conditions

or the presence of a strong far-IR radiation field, however, strongly disfavor the presence of

C3H– . A significant far-IR radiation field has been reported for the Horsehead PDR, but it is

unclear whether B11244 is subject to this radiation.

The observational evidence presented here, taken as a whole, casts doubt on the assignment of

B11244 to C3H– , favoring instead the cation, l-C3H+ , as the most likely candidate. The evidence is,

however, circumstantial; a definitive answer will almost certainly require laboratory confirmation.

Indeed, K.N. Crabtree and co-workers at the Harvard-Smithsonian Center for Astrophysics have

undertaken such work using Fourier-transform microwave spectroscopy. Preliminary evidence is

suggestive of the cationic species. The full results of the laboratory investigation will be published

in an upcoming paper (K.N. Crabtree, Private Communication).

Additional observations of the Horsehead PDR, with the aim of detecting the b-type transitions

of C3H– , predicted to be strongest between 500 - 600 GHz, would also provide further evidence.

Perhaps more insightful would be interferometric observations to discover the spatial correlation, or

lack thereof, of B11244 with the previously-observed far-IR radiation field. Finally, further observa-

tions of the diffuse gas along the sightline to Sgr B2(N) would likely prove fruitful in understanding

the possibility of anion chemistry in these regions.
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2.4 A CSO Search for l-C3H
+ : Detection in the Orion Bar

PDR

2.4.1 Introduction

While the question of identity has now been resolved, questions remain surrounding the formation

conditions and chemical implications of l-C3H+ . Because l-C3H+ has been definitively detected in

only two environments – the Horsehead PDR and Sgr B2(N) – efforts to explore these questions are

hampered by a lack of information. In an attempt to address this deficiency, we have conducted

a wide search of PDRs and complex molecular sources in search of l-C3H+ . Here, we present the

results of a brief, targeted campaign of 14 astronomical sources with the Caltech Submillimeter

Observatory (CSO) covering the J = 10 − 9 and J = 12 − 11 transitions of l-C3H+ . We also

examine the J = 10− 9 transition in broadband unbiased line surveys of a further 25 sources. The

observational details are given in §2.4.2, resulting spectra are presented and data reduction strategies

are outlined in §2.4.3, and a discussion follows in §2.4.4.

2.4.2 Observations and Data Reduction

Observations as part of the targeted campaign to detect l-C3H+ were conducted over the course of

4 nights in May 2013, 2 nights in October 2013, 2 nights in November 2013, and 2 nights in January

2014 as part of early remote observing trials using the CSO. The dataset of 25 unbiased molecular

line surveys was obtained with the CSO between September 2007 and June 2013 in the frequency

region of the J = 10− 9 transition.

2.4.2.1 Targeted CSO Survey

Observations as part of the targeted campaign to detect l-C3H+ were conducted over the course

of 4 nights in May 2013, 2 nights in October 2013, 2 nights in November 2013, and 2 nights in

January 2014 as part of early remote observing trials using the CSO. The CSO 230/460 GHz double

side band (DSB) heterodyne sidecab receiver, operating in its 210 - 290 GHz mode, was used in

moderately good weather (τ ∼ 0.07 − 0.12) resulting in typical system temperatures of Tsys ∼ 250

K. The backend consisted of two Fast Fourier Transform Spectrometers (FFTS): FFTS1 provided 1

GHz of DSB spectra at 122 kHz resolution while FFTS2 provided two, 2 GHz DSB spectral windows

at 269 kHZ resolution. For the Orion Bar observations, the receiver was additionally used in its 170
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Table 2.9: Sources, coordinates, VLSR, and source type for the targeted search.

Source α(J2000) δ(J2000) VLSR (km s−1) Notes
Sgr B2(OH) 17:47:20.8 -28:23:32 64 Galactic Center, Hot Core
Sgr A* 17:45:37.7 -29:00:58 20 Galactic Center, PDR
NGC 7023 21:01:33.9 +68:10:33 3 PDR
L 183 15:54:08.5 -02:52:48 2.5 Dark Cloud
IRC+10216 09:47:57.4 +13:16:44 -26 C-rich Circumstellar Envelope
M17-SW 18:20:25.1 -16:11:49 20 Star Forming Region, PDR
IRAS 16293 16:32:22.6 -24:28:33 3 Cold Core
S140 A 22:19:12.1 +63:18:06 -7.6 PDR
S140 B 22:19:17.3 +68:18:08 -7.6 PDR
CIT 6 10:16:02.3 +30:34:18 -2 C-rich Circumstellar Envelope
CB 228 20:51:20.5 +56:15:45 -1.6 Translucent Cloud
G+0.18-0.04 17:46:11.3 -28:48:22 72 Galactic Center, Molecular Cloud
W51e2 19:23:43.9 +14:30:35 55 Hot Core
Orion Bar 05:35:20.6 -05:25:14 10.4 PDR

- 210 GHz mode to observe the J = 9 − 8 transition at 202 GHz. The J = 8 − 7 transition at 180

GHz was not observed due to interference from the nearby water line.

Target sources and parameters are given in Table 2.9. For observations of sources with known

extended structure, position switching observations were used. For more compact sources, a chopping

secondary mirror with a throw of 2′ was used – this resulted in lower overhead times than position

switching observations. Details are given in Table 2.11. Pointing was performed every ∼2 hours,

usually on a planetary source, with pointing corrections converging to within ∼1′′ .

Spectra were obtained in DSB mode. For sources with no apparent emission in the observed

DSB spectra, only a single IF setting was observed and averaged to produce the spectra. For W51e2

and the Orion Bar, where signal was observed near the expected l-C3H+ frequency, at least 3 IF

frequency settings were observed to isolate the signal in either the signal or image side band. In

the case of a further four sources – NGC 7023, IRC+10216, M17-SW, and IRAS 16293 – sufficient

IF settings were obtained to perform a full deconvolution of the data. Details of the methods used

for the deconvolution, as well as an example script, are given in Appendix A. In most cases, the

expected linewidths were significantly broader than the resolution of the observations. In these cases,

the data were Hanning-smoothed, normally to a resolution of ∼1.6 km s−1. A summary is given in

Table 2.11.

With the exception of the Sgr B2(N) observations, detailed baseline fitting and subtraction was

performed for each observation. In some cases, extreme baseline structure was observed, necessitat-

ing the use of high-order polynomials to remove the ripple. In these cases, the frequency windows for
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Table 2.10: Sources, coordinates, VLSR, and source type for each observed source from the
unbiased line surveys.

Source α(J2000) δ(J2000) VLSR (km s−1) Notes
L1448 MM-1 03:25:38.80 +30:44:05.0 0.0 Class 0 + outflow
NGC 1333 IRAS 2A 03:28:55.40 +31:14:35.0 7.8 Hot Corino
NGC 1333 IRAS 4A 03:29:10.30 +31:13:31.0 6.8 Hot Corino
NGC 1333 IRAS 4B 03:29:11.99 +31:13:08.9 5.0 Hot Corino
Orion-KL 05:35:14.16 -05:22:21.5 8.0 Hot Core
NGC 2264 06:41:12.00 +09:29:09.0 7.6 Hot Core
NGC 6334-29 17:19:57.00 -35:57:51.0 -5.0 Class 0
NGC 6334-38 17:20:18.00 -35:54:42.0 -5.0 Class 0
NGC 6334-43 17:20:23.00 -35:54:55.0 -2.6 Class 0
NGC 6334-I(N) 17:20:55.00 -35:45:40.0 -2.6 Class 0
Sgr B2(N-LMH) 17:47:19.89 -28:22:19.3 64 Hot Core
GAL 10.47+0.03 18:08:38.40 -19:51:51.8 67.8 HII region
GAL 12.21-0.10 18:12:39.70 -18:24:20.9 24.0 HII region
GAL 12.91-00.26 18:14:39.00 -17:52:0.30 37.5 Hot Core
HH 80-81 18:19:12.30 -20:47:27.5 12.2 Outflow
GAL 19.61-0.23 18:27:37.99 -11:56:42.0 40.0 Hot Core
GAL 24.33+0.11 MM1 18:35:08.14 -07:35:01.1 113.4 Hot Core
GAL 24.78+0.08 18:36:12.60 -07:11:11.0 111.0 Hot Core
GAL 31.41+0.31 18:47:34.61 -01:12:42.8 97.0 Hot Core
GAL 34.3+0.20 18:53:18.54 +01:14:57.9 58.0 Hot Core
GAL 45.47+0.05 19:14:25.60 +11:09:26.0 62.0 Hot Core
GAL 75.78+0.34 20:21:44.09 +37:26:39.8 4.0 HII region
W75N 20:38:36.60 +42:37:32.0 10.0 Hot Core
DR21(OH) 20:39:01.10 +42:22:49.1 -3.0 Hot Core
L1157-MM 20:39:06.20 +68:02:16.0 2.7 Class 0 + outflow

the l-C3H+ transitions were carefully examined prior to the subtraction to ensure that no potential

signal from l-C3H+ was affected by the subtraction. In the case of Sgr B2(N), where line confusion

dominates the spectrum and little to no baseline is visible, a constant offset was corrected for by eye,

resulting in absolute intensity uncertainties of ∼0.1 K - 0.2 K (see Appendix A for further details).9

2.4.2.2 Unbiased Line Surveys

The source positions and velocities used in the unbiased molecular line surveys are given in Table

2.10. System temperatures were generally <400 K during observations, with the maximum Tsys

during high opacity being ∼1100 K.

Two receivers and spectrometers were used for these observations. First, a prototype 230 GHz

wideband receiver [111; 112] was used with the facility acousto-optical spectrometer (AOS) to give

spectra with 4 GHz bandwidth and ∼0.65 MHz channel width. Second, the facility 230 GHz wide-

9The Sgr B2(N) observations presented here are part of a broader line survey of Sgr B2(N) from 260 - 286 GHz
presented in [110]. The complete preliminary reduction is accessible at http://www.cv.nrao.edu/∼aremijan/SLISE/.
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band receiver [113] was used with the facility FFTS to give spectra with 4 GHz bandwidth and ∼0.27

MHz channel width. Rest frequencies of 223.192 – 251.192 GHz were used, with a 4 GHz separation

between frequency settings. IF offsets of 4.254, 6.754, 5.268, and 7.795 GHz were applied to each

rest frequency. Additional IF offsets of 6.283, 4.753, 5.767, and 7.269 GHz were applied to the two

lowest rest frequency settings on each source to ensure a minimum frequency sampling redundancy

of 6. Most frequencies were sampled by 8 separate frequency settings to enable deconvolution of the

DSB spectra.

The raw data were intensity calibrated using the standard chopper wheel calibration method,

which placed the intensities on the atmosphere-corrected temperature scale, T ∗A. A chopping fre-

quency of 1.1 Hz was used with a chopper throw of either 70±8′′ or 90±8′′ . A noise level of ≤30 mK

was achieved by adjusting integration times based on the Tsys value determined for each frequency

setting. Pointing offsets were checked at a minimum of every two hours, and were consistent to

≤5′′ each night. Each spectrum was also compared to previous spectra for intensity consistency as

an independent verification of the pointing accuracy. The 230 GHz full-width-half-power beam size

was 33.4′′ for the prototype receiver, and 35.54′′ for the facility receiver.

The CLASS software package included in the GILDAS suite of programs (Institut de Radioas-

tronomie Millimétrique, Grenoble, France) was used for the data reduction and deconvolution. A

first-degree baseline function was used to remove baselines from the DSB spectra. Spurious noise

features were removed by blanking the affected channels prior to deconvolution. The cleaned and

baseline subtracted spectra were resampled with a 1 MHz uniform channel spacing. The standard

CLASS deconvolution routine was used to deconvolve the spectra. The initial deconvolution assumed

no gain variations between the sidebands. A second deconvolution was then constrained using this

first result, with the sideband gains being allowed to vary. The strong spectral features (i.e. those

with intensities >2 K) were masked during deconvolution to prevent the introduction of spurious

features. These features were added back into the spectrum after deconvolution. All intensities were

then set to the main beam temperature scale, Tmb, where Tmb = T ∗A/ηmb; the main beam efficiency

was determined through observations of planets to be ηmb = 60 ± 9% for both receivers. The noise

level in the final spectra is ≤25 mK on the Tmb scale. The deconvolved spectra in the frequency

range covering the l-C3H+ lines are shown in Figures 2.14 – 2.16.
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Figure 2.10: J = 9− 8, 10− 9, and 11− 10 transitions of l-C3H+ observed toward the Orion Bar
PDR. The spectra are corrected for an observed source LSR velocity of 10.4 km s−1, and have

been baseline-subtracted and Hanning-smoothed to a resolution of 488 kHz (∼0.7 km s−1).

2.4.3 Results and Data Analysis

Of the sources searched here, signal from l-C3H+ was observed only toward the Orion Bar PDR (see

Figure 2.10). Gaussian fits to the emission lines show an average FWHM width of 3.6 km s−1, with

peak intensities of 28.5 mK (J = 9 − 8), 32.9 mK (J = 10 − 9), and 37.5 mK (J = 11 − 10), and

signal-noise-ratios of 4.4, 5.2, and 5.0, respectively, with a VLSR = 10.4 km s−1. These values for

linewidth and velocity are consistent with other molecules associated with the Orion Bar PDR [54].

A rotational diagram analysis indicates a rotational temperate of 178(13) K and a column density of

7(2)×1011 cm−2. A detailed examination of the rotational diagram method, as well as the equation

used to determine column densities (Equation 1.4), can be found in [31].

The spectra collected in the targeted search, other than in the Orion Bar PDR, are shown in

Figure 2.11 (J = 10 − 9) and Figures 2.12 and 2.13 (J = 12 − 11). Spectra from the unbiased line

surveys around the J = 10− 9 transition are shown in Figures 2.14 - 2.16.

Upper limits to the column density in each source are calculated using Equation 1.4, following

the convention of [30].

For all sources in the targeted search, ∆Tmb was taken as the RMS noise of the appropriately

smoothed spectrum, and ∆V was typically determined by a Gaussian fit to the nearby C17O line.

In some cases, such as the clearly masing Sgr A* signal or completely empty spectra, a literature

value was used (see notes in Table 2.11). Partition functions were calculated using Equation 2.6 (cf.

[29]) as described in [46].

To calculate upper limits, we use the molecule-specific parameters given in [48] and the upper

limit ∆Tmb and ∆V values given in Table 2.11. For these frequency ranges at the CSO, ηb is
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to C17O. The red vertical line indicates the frequency of the J = 10− 9 transition.
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∼0.70. Upper limits for each molecule in these sources, near the two extremes of temperature so far

attributed to l-C3H+ , are shown in Table 2.12.

2.4.4 Discussion

Of the 39 sources observed in this work, l-C3H+ has been detected in a single one only: the Orion

Bar PDR. This extends the list of environments in which l-C3H+ is known to be present to three:

the Orion Bar PDR, the Horsehead PDR, and Sgr B2(N), with tenuous evidence for l-C3H+ in Sgr

B2(OH) and TMC-1.

The lack of detection of l-C3H+ , in reasonably high-sensitivity observations, toward any molecularly-

rich hot core source outside of Sgr B2(N), is initially puzzling. The detection in Sgr B2(N) by [45]

may have been fortuitous; the highly sub-thermal nature of the observed absorption features may

have allowed their observation despite an otherwise low abundance that would typically preclude

detection. Perhaps more puzzling is the lack of detection in the majority of the PDR sources ob-

served here. The answer is almost certainly one of temperature; with column densities similar to

those found the Horsehead and Orion Bar PDRs, the observations presented here with the CSO

are not sensitive to material cooler than ∼130 K. Thus, further high-sensitivity observations at 3

mm, where the Boltzmann peak for cold l-C3H+ falls, are warranted to fully explore the range of

excitation conditions so far attributed to this molecule.

Further insight into likely sources in which l-C3H+ could be found may also be gained by com-

paring its formation and destruction pathways to that of HOC+. As described by [48], the primary

formation mechanism for l-C3H+ is through the reaction of acetylene with C+. Destruction readily

occurs via reaction with molecular hydrogen (see Eqs. 2.8 - 2.10).

C2H2 + C+ → C3H+ (2.8)

C3H+ H2−−→ C3H+
2

e−−−→ C3H (2.9)

C3H+ H2−−→ C3H+
3

e−−−→ C3H2 (2.10)

The detections of l-C3H+ in the Horsehead and Orion Bar PDRs support these formation and

destruction mechanisms. Destruction via H2 is expected to be rapid and thus dominate l-C3H+

populations under typical conditions. Within PDR sources, however, where the ultraviolet radiation

field is greatly enhanced relative to the mean interstellar value, sufficient C+ may be present to

compete with this destruction pathway and lead to detectable abundances of l-C3H+ .
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Table 2.12: Upper limits for l-C3H+ in each source at 15 K and at 180 K.

NT (1012 cm−2)
Source 15 K 180 K
Sgr B2(OH) 13 4.1
Sgr A* 2.2 0.7
NGC 7023 0.3 0.1
L 183 0.5 0.2
IRC+10216 3.3 1.0
M17-SW 1.0 0.3
IRAS 16293 0.9 0.3
S140 A 1.1 0.3
S140 B 1.1 0.3
CIT 6 8.7 2.7
CB 228 0.4 0.1
G+0.18-0.04 7.8 2.5
W51e2 41 2.8
Sgr B2(N) 13 0.9

L1448 MM-1 0.3 0.1
NGC 1333 IRAS 2A 0.5 0.2
NGC 1333 IRAS 4A 0.8 0.3
NGC 1333 IRAS 4B 0.7 0.2
Orion-KL 4.5 1.4
NGC 2264 0.9 0.3
NGC 6334-29 1.6 0.5
NGC 6334-38 1.0 0.3
NGC 6334-43 0.7 0.2
NGC 6334-I(N) 1.0 0.3
Sgr B2(N-LMH) 11 3.4
GAL 10.47+0.03 5.6 1.8
GAL 12.21-0.10 2.0 0.6
GAL 12.91-00.26 1.0 0.3
HH 80-81 1.9 0.6
GAL 19.61-0.23 1.9 0.6
GAL 24.33+0.11 MM1 1.1 0.3
GAL 24.78+0.08 1.6 0.5
GAL 31.41+0.31 2.9 0.9
GAL 34.3+0.20 1.8 0.6
GAL 45.47+0.05 0.9 0.3
GAL 75.78+0.34 0.9 0.3
W75N 1.3 0.4
DR21(OH) 1.6 0.5
L1157-MM 0.6 0.2
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A comparison can be made with the chemistry of HOC+, which is also formed, directly and

indirectly, through reactions of C+, and destroyed by reaction with H2 to form HCO+ (see Eqs.

2.11 - 2.13, c.f. [117; 54]). Thus, observations of a high HOC+ abundance (or, alternatively, an

enhanced [HOC+]/[HCO+] ratio) may be indicative of chemical and physical conditions that will

also favor the production of l-C3H+ , and act as a probe to guide future sources.

H2O
C+

−−→ HOC+ (2.11)

OH
C+

−−→ CO+ H2−−→ HOC+ (2.12)

HOC+ H2−−→ HCO+ (2.13)

Indeed, such an enhanced HOC+ abundance (and enhanced [HOC+]/[HCO+] ratio) has already

been detected toward both the Orion Bar PDR [54] and the Horsehead PDR [109], with these values

peaking in the region of the PDR. A similarly enhanced presence of HOC+ is detected by [54] in

observations of the NGC 7023 PDR, for which l-C3H+ is not detected in these CSO observations.

This suggests that perhaps l-C3H+ is simply too cold to be detected in our observations at this

sensitivity, and that observations at lower frequencies may result in a detection.

Observations of HOC+ in diffuse clouds by [118] find abundance ratios of [HOC+]/[HCO+]

comparable to that of the extreme cases of PDR enhancements in the Orion Bar and NGC 7023.

This is consistent with the tentative detections of l-C3H+ absorption in diffuse, spiral arm clouds

by [45] along the line of sight to Sgr B2(N), and suggests these sources may be intriguing targets for

future observations.

Finally, detections of HOC+ toward other regions with enhanced FUV flux provide other tanta-

lizing sources for future study. A small list of these sources includes, for example, the Monocerous

R2 ultracompact HII region [119] and the external galaxies NGC 253 [120] and M 82 [121].

2.4.5 Conclusions

We have examined the results of both a dedicated campaign targeting l-C3H+ in 14 sources, as well

as 25 additional sources from unbiased molecular line surveys with frequency coverage coincident

with l-C3H+ transitions. We detect the presence of l-C3H+ in only a single source: the Orion Bar

PDR. These observations are only sensitive to relatively warm material, and follow-up observations

at lower frequencies are necessary to obtain a complete picture ofl-C3H+ in these sources. Finally, a

comparison to the chemistry of HOC+ has shown that HOC+ has the potential to serve as a tracer
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of l-C3H+ . Previous observations of HOC+ can therefore be used as a guide to efficiently target

new sources in additional searches for l-C3H+ .
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Chapter 3

Carbodiimide (HNCNH)

The bulk of this chapter is reproduced from “Interstellar carbodiimide (HNCNH) - A new astronom-

ical detection from the GBT PRIMOS survey via maser emission features,” by B.A. McGuire et al.,

Astrophysical Journal Letters, 758, L33 (2012) [77].

3.1 Introduction

Historically, searches for new astronomical molecules resulted in the detection of favorable, high

line strength transitions based on a thermal approximation to the excitation of these species in

interstellar environments. At the temperatures of hot molecular cores inside molecular clouds, these

transitions often reside at (sub)millimeter wavelengths. However, line confusion near the Boltzmann

peak can lead to ambiguous identifications, and the peak intensities of low abundance, large organic

molecules may never rise above the noise floor or the confusion limit. The success of molecule

searches at centimeter wavelengths has shown that unique excitation conditions can lead to the

unambiguous identification of very low abundance species with high accuracy.

Carbodiimide (HNCNH) is the second most stable isomer of cyanamide (NH2CN), with NH2CN

being more stable by ∼4.0 kcal mol−1 [122; 123]. Since the detection of NH2CN by Turner et al.

(1975) [124] toward the high-mass star-forming region Sgr B2(N), HNCNH has been recognized as

a candidate interstellar molecule. HNCNH is also a tautomer of NH2CN, and can be formed via an

isomerization reaction whereby a H atom can migrate along the molecular backbone from the amine

group. At room temperature, HNCNH is in thermally-induced equilibrium with NH2CN at a fraction

of ∼1%. Given typical abundances of NH2CN, and temperatures in many astrophysical environments

of << 300 K, gas-phase tautomerization of NH2CN is unlikely to produce HNCNH in appreciable

abundance. Yet, HNCNH may exist in detectable abundance out of thermal equilibrium with NH2CN
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as in the case of interstellar hydrogen cyanide (HCN) and interstellar hydrogen isocyanide (HNC),

in which HNC is in greater abundance in some clouds (see [125] and references therein).

Although tautomerization is likely inefficient in the gas phase under interstellar conditions, ex-

perimental studies have shown NH2CN → HNCNH conversion in water ices and matrices is far

more efficient ([126] and references therein). In the solid phase, the association of up to five water

molecules with NH2CN on an ice surface has been shown to significantly lower the activation barrier

to tautomerization and promote the production of HNCNH [126]. In fact, HNCNH formation on

a water-ice surface is shown to occur at temperatures as low as 70 K. The relative abundance of

HNCNH formed from this process has been measured to range from 4% of NH2CN at 80 K to as

much as 13% at 140 K [126]. In the laboratory, HNCNH sublimation occurs between 80 - 170 K,

with no additional desorption observed above 170 K [122]. In the ISM, non-thermal desorption via

shocks is also a likely liberation mechanism. Assuming that tautomerization of NH2CN on dust

grain ice mantles is the dominant formation pathway for HNCNH, and that subsequent desorption

occurs for both species, the gas phase abundance of HNCNH may be capped at ∼10% of NH2CN.

NH2CN has an estimated column density of ∼2×1014 cm−2 towards Sgr B2(N) [25]; we therefore

anticipate an HNCNH column density on the order of ∼1013 cm−2. If thermal emission at hot core

temperatures dominates the spectrum of HNCNH, the most favorable high line strength transitions

are at millimeter and submillimeter wavelengths. Nevertheless, we have previously used the Robert

C. Byrd Green Bank Telescope (GBT) to detect new molecular species including trans-methyl for-

mate [75], and cyanoformaldehyde [81], which only had measurable astronomical line intensities

detected at centimeter wavelengths. Encouraged by these results, we searched for centimeter wave

transitions of HNCNH. All data were taken as part of the PRebiotic Interstellar MOlecular Survey

(PRIMOS), and targeted rotation-torsion transitions of HNCNH selected from the Cologne Database

for Molecular Spectroscopy1,2 [18]. Our results are presented in §3.2. In §3.3, we evaluate the prob-

ability of mis-assigning these features to HNCNH, and discuss evidence that observed transitions are

masing. Further, we explore the usefulness of our technique as a method for new molecule detection.

3.2 Observations and Results

All data used for this project were taken as part of the National Radio Astronomy Observatory’s

(NRAO) 100-m Robert C. Byrd Green Bank Telescope (GBT) PRebiotic Interstellar MOlecule

1Original laboratory data cataloged from Birk et al. (1980) [127], Wagener et al. (1995) [128], & Jabs et al. (1997)
[129].

2Available at www.splatalogue.net [28].
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Survey (PRIMOS) Legacy Project.3 This NRAO key project started in January 2008, and concluded

in July 2011. The PRIMOS project recorded a nearly frequency-continuous astronomical spectrum

from 1 to 50 GHz towards the Sgr B2(N) molecular cloud, with the pointing position centered on

the Large Molecule Heimat (LMH) at (J2000) α = 17h47m19.8s, δ = -28◦22’17”. An LSR source

velocity of +64 km s−1 was assumed. Intensities are presented on the T∗A scale [130]. See [75] for

further details of the observations, full data reduction procedure, and analysis.

Targeted transitions of HNCNH are shown in Table 3.1. The table provides Gaussian fit param-

eters for peak intensity and line width for components at vLSR = +64 km s−1 and +82 km s−1.

Molecular material at these two velocities is characteristic of clouds that lie within the GBT beam

along the same line of sight (see e.g. [81] and references therein). Figure 3.2 shows the spectra

for the observed passbands. The red and blue vertical lines indicate the location of the emission

feature at LSR velocities of +64 km s−1 and +82 km s−1, respectively. We find four unblended

lines of HNCNH in this region (panels a) - c) and g)). One frequency range was unobservable by

the GBT (16 GHz), while two spectral feature were contaminated by transitions of CH3OH (panels

d) & g)). Finally, one transition was not observed due to lack of frequency coverage (46.2 GHz).

Of the observable transitions, we show clear detections of both the +64 km s−1 and +82 km s−1

components at 4.3, 4.8 and 25.8 GHz, and the +64 km s−1 component at 45.8 GHz (Figure 3.1). The

four line detections and two non-detections are consistent with only masing lines being detectable,

as discussed in §3.3.

3.3 Discussion

The initial identification of HNCNH was based on only the two lines at 4.3 and 4.8 GHz. In order

to quantify the probability of coincidental overlap of features at these frequencies, which could lead

to a possible mis-assignment, we used the method outlined in [75]. We find 37 observed transitions

within a representative window of 200 MHz of PRIMOS at C-band (4 - 6 GHz), 14 of which are

within ±50% of the intensity of the detected features. This line density is typical of the PRIMOS

survey in this frequency range. Of these 14 features, 4 were in emission. If we then assume a

conservative FWHM line width of 25 km s−1 (almost twice our measured FWHM), we calculate the

probability of a single line falling coincidentally within one FWHM of our line to be 0.75%. For two

detected lines, that probability drops to 0.002%. We find that this is both compelling evidence for

3Access to the entire PRIMOS dataset, and specifics on the observing strategy including the overall frequency
coverage, is available at http://www.cv.nrao.edu/∼aremijan/PRIMOS/.
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Figure 3.1: Carbodiimide (HNCNH) spectral passbands toward Sgr B2(N), recorded from the
GBT PRIMOS Survey. Rotation-torsion doublet transition quantum numbers are shown in each
panel. The passband width displayed is 500 km s−1 in each case. The spectra are plotted as a

function of frequency (MHz), corrected for a LSR source velocity of +64 km s−1. The blue and red
vertical lines indicate the location of the transition rest frequency (see Table 3.1) at an assumed

LSR source velocity of +64 km s−1 and +82 km s−1, respectively. Data in all panels were
Hanning-smoothed for display purposes.
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Figure 3.2: Energy level structure of the relevant transitions for the 4.8 GHz maser (top) and
36.6 GHz line (bottom). Energy levels are ordered by increasing energy, but are not drawn to

scale. Allowed transitions are indicated by arrows.
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a clear detection and an excellent example of the power of the GBT in new molecule detections at

centimeter wavelengths, where line confusion is drastically reduced relative to the millimeter and

sub-millimeter regimes.

Initially, the large beamwidths and high-energy nature of the observed lines pointed to emission

arising from the hot, extended source that surrounds the cold LMH and couples well to the beam at

these frequencies. An LTE analysis, however, showed excessively high column densities for thermal

emission arising from these lines. In order to further verify the identification, and to understand

the unusually high intensities of the lines, we examined higher frequency transitions. Unfortunately,

the GBT has no receiver that operates between 15-16 GHz; we detected an emission feature at

25.0 GHz, but its doublet transition at 25.5 GHz is blended with the 9(2,7)-9(1,8) transition of

CH3OH at 25.541 GHz; we detected no emission features at 36.6 and 37.1 GHz; and a feature was

identified at 45.8 GHz, the highest frequency line currently covered in the PRIMOS survey. The

lack of observed transitions at 36.6 and 37.1 GHz was initially troubling, as there has been a firmly

established series of requirements for an interstellar detection, including that no transition which

should be of an observable intensity be “missing” [11]. However, an examination of the rotational

energy level structure of HNCNH offers an explanation.

Figure 3.2 shows energy level diagrams containing transitions that are relevant to the observed

masing lines at 4.8 GHz (labeled “M,” Figure 3.2[a]) and 36.7 GHz (labeled “X,” Figure 3.2[b]). The

quantum mechanical parameters associated with transitions in Figure 3.2 are given in Table 3.1. In

the case of the 4.8 GHz line “M,” the upper energy level (A2s 18(0,18)) is coupled to higher energy

levels via fast millimeter and sub-millimeter transitions; the only downward transition out of this

level is very slow, with an Einstein A coefficient of ∼ 10−9 s−1. Downward and upward transitions

out of the lower level (A2d 17(1,17)), labeled “A - D,” however, occur rapidly with Einstein A values

between 0.2 - 2 x 10−2 s−1. This creates a population inversion between the A2s 18(0,18) and A2d

17(1,17) levels, leading to the observed masing at 4.8 GHz. An analogous process occurs for the

torsion doublet, causing masing at 4.3 GHz. A similar energy structure exists for the 25.5 GHz and

46.7 GHz transitions and their torsion doublets, leading to masing in these transitions as well.

For the 36.7 GHz line (labelled “X,” Figure 3.2[b]), the upper state (A2d 15(1,15)) is again

coupled to higher energy levels via fast transitions, with the 36.7 GHz transition being the slow

emission path to A2s 16(0,16). In this case, however, a fast downward transition is allowed to the

A2s 14(0,14) state (transition labelled “N”). Population inversion is not achieved because of the

presence of this drain, and the 36.7 GHz transition does not mase. A similar scenario holds for the
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15.9 GHz transitions, as well as their torsion doublets. In summary, an analysis of the energy levels

of HNCNH predicts a population inversion resulting in masing for the torsion doublets at 4, 25, and

46 GHz, with no masing by the doublets at 15 and 36 GHz. Furthermore, the 4 GHz doublets should

show a greater degree of inversion due to the longer lifetime of the transitions (Table 3.1) than the

25 or 46 GHz transitions, resulting in more intense lines, which is in excellent agreement with our

observations.

The observed maser emission is relatively weak and displays no line narrowing, suggesting that

these are unsaturated maser lines. As collisional and radiative pumping rates for HNCNH are

unknown, a full pumping model was not possible, and is beyond the scope of this work. A zeroth-

order calculation of the critical density for the fast transitions connecting the maser transitions was,

however, performed. Using collisional coefficients for similar transitions in HNCO, we find critical

densities required to thermalize these transitions on the order of 108 - 1010 cm−3, far higher than

those typically associated with the region. Given this, and that the Sgr B2(N) region is known to

contain a broad range of favorable radiative excitation conditions, a radiative excitation mechanism

for these transitions is possible. The current observations, however, do not provide a definitive

answer to the excitation question, and further investigation is warranted. A mapping study of the 4

GHz lines in Sgr B2(N) would be extremely beneficial to elucidating the environment these signals

are arising from, including their spatial correlation with other known maser such as CH3OH, and

therefore the most likely excitation mechanisms.

We have also carried out an analysis of the expected intensity of HNCNH lines in this frequency

region based on a thermal population of HNCNH. Assuming local thermodynamic equilibrium (LTE)

conditions, we calculate a column density of HNCNH giving rise to the 4 GHz maser lines of ∼2

x 1016 cm−2 at 150 K, although this value is largely invariant over temperatures from 80 - 500 K.

Given this column density, the expected intensity of the 36.7 GHz transition would be ∼740 mK.

Further, at a column density of ∼2 x 1013 cm−2 (∼10% of NH2CN in this source [25]), we would

expect the most intense lines in this region to be less than 1 mK for rotational temperatures above

80 K. Given this, and the lack of any detection at 36.7 GHz with an RMS noise level of ∼10 mK,

we conclude that these transitions are not arising from a thermal population.

This is consistent with our non-detection of transitions that are not masing. In gas above 80 K,

the most intense lines of HNCNH at LTE would fall at millimeter and sub-millimeter wavelengths.

Numerous high-resolution, high-sensitivity spectral line surveys of this region have been carried out

(see [131; 132; 25] and refs. therein) covering the these transitions up to ∼1.8 THz. With an
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abundance of 10% NH2CN, the strongest transitions under LTE emission at 80 K would be on the

order of the RMS noise level of the survey observations. With increasing temperature, the expected

line strengths decrease rapidly. Thus, at these column densities, a thermal population of HNCNH

would likely not be detectable in even the most sensitive line surveys to date.

This is in itself remarkable. A heroic effort has been performed in recent years in compiling

molecular inventories and facilitating new molecule detections using state-of-the-art millimeter and

sub-millimeter observatories and molecular line surveys. These surveys have provided invaluable

information on the physical and chemical conditions present in the ISM, and their high scientific

value is unquestionable. They suffer, however, from extremely high line densities and long integration

times relative to lower-frequency telescopes. Because of this, identifications of new molecular species,

especially those in low abundance, can be difficult due to the line confusion at the noise floor and

the degree of coincidental overlap of target lines with other molecular transitions.

In this work, we have shown that a molecule that would be undetectable via transitions arising

from a thermal population can be identified via maser transitions at centimeter wavelengths. This

detection was possible only through low-frequency surveys of a chemically-rich region by the GBT

through a dedicated project (PRIMOS). The number of transitions that display significant maser

activity in any given molecule is likely to be small, but weak masing behavior has been observed in a

number of molecules, such as H2CO and NH3 [133; 134]. In addition, at centimeter wavelengths, the

lack of line confusion makes definitive identification of a species possible with only a small number

of observed transitions. This may represent a new strategy for searches for key molecules of interest

to the astrochemistry and astrobiology communities that have not yet been detected due to their

low abundances.

In summary, we have detected four transitions of carbodiimide (HNCNH) towards Sgr B2(N)

with very high confidence. All four signals have been found to be the result of maser activity. We

also report two transitions that were not detected, consistent with HNCNH only being detectable

towards Sgr B2(N) through maser lines. This detection presents a new methodology for searches

for interstellar molecular candidates that may be too low in abundance to be detected in thermal

emission by modern radio observatories.
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Part III

Time-Domain TeraHertz

Spectroscopy of Interstellar Ice

Analogs
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Portions of this Part have been reproduced from “THz and mid-IR spectroscopy of interstellar ice

analogs: methyl and carboxylic acid groups,” by S. Ioppolo, B.A. McGuire, M.A. Allodi, and G.A.

Blake, Faraday Discussions 168, in press (2014) [135] and “The structure and dynamics of carbon

dioxide and water containing ices investigated via THz and mid-IR spectroscopy,” by M.A. Allodi, S.

Ioppolo, M.J. Kelley, B.A. McGuire, and G.A. Blake, Phys. Chem. Chem. Phys., 16, 3442 (2014)

[136].
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Chapter 4

The Power of THz Spectroscopy

While the number of known molecules identified in the gas phase continues to increase (see Figure

4.1), identification of solid-phase molecules has been remarkably slower. The majority of these

are simple, abundant ice constituents - H2O, CH3OH, CO, CO2, H2CO, CH4, and HCOOH [137].

Identification of complex species, such as methyl formate (CH3OCHO), which are widely observed

in high abundance in the gas phase but must be formed primarily in the solid-phase [7; 9], is so far

lacking. Additionally, the number of sources in which any measurements of ices have been made is

limited. This is likely due to several complicating factors.

First, the features arising from these solid-phase species in the infrared are often relatively broad,

resulting in overlapping and confused signals in observations. Second, the sample set of sources from

which we may observe these species in ices is limited, relative to gas-phase species, as we can observe

these species only in absorption, rather than emission. At thermal equilibrium, detectable emission

requires that the energy of the observed transition be much less than the populated energy levels –

i.e. hν � kT . In the infrared, this generally requires temperatures in excess of 500 K, far too hot to

sustain an ice. Additionally, absorption measurements in the infrared (see Figure 4.2) must be made

against a background radiation source (background star or embedded protostar), as the continuum

radiation field in these regions is not sufficiently high at temperatures required to maintain an ice.

Observations in the THz region of the spectrum will resolve both of these issues. Here, hν is suf-

ficiently small that temperatures less than ∼150 K can provide detectable emission, and background

black- and gray-body continuum levels are often sufficient to allow for absorption measurements with-

out the need of a background star or embedded radiation source. The combination of these factors

vastly increases the number of target sources available for observation. Preliminary indications are

that the spectra of solid-phase molecules in the THz are more distinctive than those in the infrared,

and provide information on the structure, temperature, and thermal history of the ice. While some
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Figure 4.1: List of molecules that have been detected in the ISM as of April 2014 from
https://www.astro.uni-koeln.de/cdms/molecules.
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Figure 4.2: Example infrared ice spectra: Fig. 2 from [137] showing absorption from major ice
constituents in mid-infrared ISO/SWS observations of NGC 7538 IRS 9 (top) and W33 A (bottom)

limited work has been conducted in this frequency region already (see, e.g. [138; 139; 140; 141; 142]),

the vast majority of molecules of interest are unexplored.

To take full advantage of the enormous amount of available THz observations (e.g., Herschel,

SOFIA, and ALMA), laboratory analogs must be studied systematically. Here, we present the THz

and mid-IR spectra of perhaps the simplest series of astrophysically-relevant molecules that share

common, and progressively more complex, functional groups, as well as methyl formate and the

simpler ice species H2O, D2O, CO2, and CH3OH.
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Chapter 5

Experimental Design

5.1 Spectrometer Overview

The details of the TeraHertz Time-Domain Spectrometer (THz-TDS) have been published previously

[136; 135], and recent improvements will be covered in full in the thesis by M. A. Allodi (2015). An

overview of the instrument is presented here to provide context for the spectroscopic details presented

in Chapter 6.

A diagram of the instrument is provided in Figure 5.1 as a reference to the reader. Briefly, pulsed

(∼320 fs full width at zero crossing) THz radiation is generated via plasma filamentation using

the output of a pulsed (∼35 fs) 800 nm regenerative amplifier coupled with an optical parametric

amplifier producing light at 1745 nm (see §5.2). The THz pulse is focused onto a 1” high-resistivity

intrinsic-silicon substrate upon which an ice of interest has been generated via vapor deposition

(see §5.3). Finally, the remaining THz signal is focused onto a non-linear gallium phosphide (GaP)

crystal and detected via electro-optic (EO) sampling (§5.4).

In addition to the THz spectrometer, a mid-IR Fourier-transform infrared (FTIR) spectrometer

(Nicolet 6700) is coupled into the system. The THz and mid-IR radiation are aligned with the

cryostat such that they probe the same region of the sample/substrate. The FTIR spectrometer

provides spectra with 1 cm−1 resolution over a range of 400 cm−1 to 4000 cm−1, and is used for

diagnostic purposes and monitoring of the ices during deposition and spectral acquisition. Spectra

of the ices discussed in §6 obtained with the FTIR are provided in Appendix C.
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5.2 THz Generation

Pulsed THz radiation is generated through plasma filamentation in air (or the dry N2-purge gas).

First, 85% of the the 35 fs, 4 mJ/pulse output of a Titanium:sapphire Regenerative Amplifier

(Coherent Inc. Legend Elite) at 800 nm is passed through an optical parametric amplifier (OPA)

(Lighy Conversion Inc. TOPAS-C ). The idler output of the OPA at 1745 nm then interacts with

a beta-barium borate (BBO) crystal (Eksma Optics) which frequency doubles a small portion of

the light. Both colors of light are then focused with either an off-axis parabolic mirror (OAPM)

or, in later configurations of the system, an achromatic lens. At the focus, the 1745 nm light

sparks a plasma filament in the air (or the dry N2-purge gas), while the doubled light induces THz

generation. An optical chopper placed before the BBO crystal modulates the signal at 500 Hz for

lock-in amplification.

This plasma generates THz pulses in a similar manner to the two-color plasma created with an

800 nm pulse and its second harmonic [143; 144; 145; 146]; however, the THz generation mechanism

in plasma is more efficient at longer wavelengths [147]. In the first generation of this spectrometer,

pulses with roughly 3.5 mJ of energy at 800 nm created a plasma to generate THz pulses. Now,

pulses with roughly 350 µJ of energy at 1745 nm generate a plasma that produces THz pulses with

a power comparable to the previous plasma at 800 nm. The wavelength of 1745 nm was chosen

because it provided the largest peak THz electric fields for the current optical alignment of the

spectrometer.

5.3 Cryostat Design, Sample Preparation, and Deposition

5.3.1 Cryostat Design

The ice sample is prepared on a substrate housed in a high vacuum enclosure (R. C. Janis) connected

to the cold finger of a closed-cycle, helium-cooled cryostat (CTI Cryogenics) that is capable of

cooling the substrate to ∼8 K (see Figure 5.3). The substrate itself is a 1” diameter, high-resistivity,

intrinsic silicon wafer. A thermocouple connected to the cryostat allows real-time monitoring of the

temperature, which is precisely controllable in the range of ∼8 K to 300 K using a heating element

in the cryostat. The chamber is evacuated through a 1.5” diameter, flexible stainless steel bellows

connected to a turbomolecular pump (Turbo V 250 Varian Inc.). Room-temperature base pressures

below 10−8 Torr are routinely observed.
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Figure 5.2: Photographs showing the plasma filament, indicated with a white arrow (left panel),
visible light scattering from the beam block using 800 nm generation (center panel), and visible

light scattering from the beam block using 1745 nm generation (right panel).

For the bulk of the work presented here, the THz radiation entered the chamber through a pair

of 2” diameter, high-resistivity, intrinsic silicon windows. The index of refraction of silicon in the

THz is large (n >3), and only ∼40% transmission is seen through each piece of silicon (∼10% total

transmission through two windows and the substrate). In the latest iteration of the cryostat design,

the two windows were replaced with 2” diameter TOPAS polymer windows (TOPAS Advanced

Polymers) that have >90% transmission in the THz region. While these windows favorably enhanced

the THz signal in the system, they are less robust than the silicon windows, are prone to cracking

under vacuum conditions, and are difficult to machine from raw stock. A TOPAS substrate was

tested for use; however, TOPAS was found to be nearly completely opaque in the mid-IR, making

the incorporated diagnostic FTIR unusable, and thus, the original silicon substrate is still in use.

Under ideal conditions, a single-crystal CVD diamond substrate, with matching windows, would

provide optimum THZ transmission and also be transparent in the mid-IR, but is cost-prohibitive.

A 1/8” diameter stainless steel pipe connects the cryostat to the sample preparation dosing line

through an all-metal leak valve (Lesker). The pipe is oriented normal to the surface of the substrate,

about 1” away, and is capped with a metal mesh with a 38 µm hole size (McMaster-Carr 85385T117).

This configuration ensures a uniform, homogenous ice deposition strongly favoring the side of the

substrate facing the dosing line.
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Figure 5.3: Photograph of the high vacuum cryostat showing the cold finger and silicon
substrate, radiation shield, gas dosing line, and TOPAS windows.
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5.3.2 Sample Preparation and Deposition

Samples are prepared in a dosing line system prior to deposition (Figure 5.4). For liquid samples, a

small volume of sample (< 10 mL) is placed into a glass sample finger and evacuated with a rough

pump for initial degassing, followed by one or more freeze-pump-thaw cycles with liquid nitrogen.

The pump is then closed off, and the line fills with sample gas that evolves from the liquid. This

initial gas is then used to flush the line, which is once again pumped with the rough pump, followed

by the turbomolecular pump, removing as many contaminants as possible from the line. The line is

then once again filled with sample to a desired pressure, after which the sample is introduced to the

chamber through the leak valve, typically at a rate of ∼10 mTorr per second. For gaseous samples,

the glass sample finger is removed and gasses are introduced through the valve from a cylinder or

lecture bottle. In general, the ices grown for this work were ∼10 µm thick.

The sample mixtures discussed here were prepared by first filling the dosing line, including the

large glass mixture bulb, with gas from the first sample species. The mixture bulb is then closed

off from the rest of the line, and the first gas is evacuated from the line. The second species is then

allowed to fill the line to a pressure appropriate for the desired mixing ratio, and the mixture bulb

is opened, allowing the gasses to mix. The mixture is then introduced to the cryostat through the

leak valve.

A simpler method is to first fill the large glass bulb with the first species to a desired pressure.

The bulb is then closed off, and the first species is frozen out into the solid phase by the application

of a liquid-nitrogen bath. The bulb is then opened to the line once more, and quickly filled with the

second species in the desired mixing ratio. After closing the bulb off, the first species is allowed to

boil and mix with the second. These are then deposited together through the leak valve.

5.4 THz Detection

The THz radiation is detected through free-space electro-optic (EO) sampling [148; 149]. The

remaining 15% of the original 800 nm pulse is routed through a mechanical delay line (Newport ISL

150 with ESP300 controller) and a half-wave plate (Newport 10RP02-46), which allows for precise

control of the linear polarization of this probe pulse. The probe beam is then made co-linear with

the THz signal beam by passing the 800 nm probe through a thin indium-tin oxide (ITO) plate

that is transparent at 800 nm and reflective at THz frequencies. The two beams are then focused

using an OAPM onto a thin piece of optically-contacted gallium phosphide (GaP) crystal (Del Mar
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Figure 5.4: Schematic drawing of the sample preparation dosing line. The line can be evacuated
either via a rough pump or through the turbomolecular pump, and pressures are monitored via a
mass-independent, active capacitance transmitter pressure gauge (MKS Baratron, Red) between
0.01 Torr and 1100 Torr. Samples are prepared in glass fingers and mixed in the large glass bulb.

A separate gas mixture reservoir is also available to contain samples for long periods prior to
deposition, or to allow the facile deposition of two mixtures in rapid succession.
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Photonics, Inc.). This crystal is different from the one used by [136], because it has a thin EO active

layer optically contacted to a thicker inactive layer. A GaP (110) layer 200 µm thick, and capable

of EO sampling, is optically contacted to a GaP (100) layer 4 mm thick that is EO inactive. This

provides the advantage of pushing etalon features, or recurrences of the pulse in the time domain,

outside of the window being scanned. As a result, the signal-to-noise of the data as a whole improves

because the etalon features are not efficiently removed by the background subtraction in parts of

the spectrum where the signal-to-noise is low.

When focused onto the crystal together, the electric field of the THz pulse (10s of ps in length

after passing through the cryostat and sample) acts as a DC-bias on the crystal, as seen by the

35 fs 800 nm pulse. The THz light generates a transient birefringence in the GaP via the Pockels

effect, which rotates the polarization of the 800 nm pulses. The magnitude of this change is linearly

proportion to the intensity of the THz electric field applied at the time of interaction, in the small

THz field limit. By varying the length of the probe line via the mechanical delay line, the timing of

arrival of the 800 nm pulse with respect to the THz pulse can be controlled. In this way, the probe

pulse can be made to fully sample the THz pulse out to a delay of >100 ps.

After passing through the GaP crystal, the 800 nm probe beam is focused, and propagates

through a quarter-wave plate (Newport 10RP04-46) to create a circularly-polarized beam, which

is then split into orthogonal polarizations by a Wollaston Prism (Thorlabs WP20). The signal is

then measured as a difference signal on a pair of balanced, bare photodiodes. When no THz light is

present, no difference signal is observed. Under the applied electric field of a THz pulse, a difference

in the two polarizations is observed by the photodiodes, corresponding to the intensity of the THz

electric field at the time of interaction of the pulses. This signal is then sent to a lock-in amplifier

(Stanford Research Systems SR830) that records the spectrum as a function of delay.

A representative time-domain trace acquired with the spectrometer is shown in Figure 5.5. For

the majority of the results shown in §6, only ∼12 ps of the pulse were collected and used, as the

original beam block caused an etalon feature that arose shortly thereafter and made the data past

that point unusable. The resolution of the spectra collected is approximately equal to the inverse

of the length of scan in the time domain. For these experiments, this yields a ∼90 GHz resolution

in the frequency domain. Recently, a thicker beam block was obtained that pushed the etalon out

beyond the range of the scan, and as a result, ∼35 ps of the pulse were collected for the crystalline

H2O, D2O, CO2, and methyl formate shown in §6. The duration of the scan is now limited by the

substrate etalon at ∼37 ps. This has resulted in a resolution of ∼30 GHz in the frequency domain.
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Figure 5.5: Representative time-domain pulse acquired with the THz-TDS. The feature at ∼37
ps is an etalon arising from the silicon substrate.
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Frequency-domain spectra are obtained from the time-domain pulse by taking a fast Fourier

transform (FFT) of the data and dividing by a reference scan of the bare silicon substrate. Apodiza-

tion is a necessary element of the data analysis to prevent spectral leakage. All the data in this paper

are processed using an asymmetric Hann window peaked at the maximum of the THz signal. The

Hann window [150] provides a good balance between sidelobe suppression and lineshape concerns.

After apodization, zeros were added to the apodized data to both interpolate between points in the

frequency domain and ensure that the length of the data set equals a power of two. Zero padding in

the time domain before taking an FFT is mathematically identical to interpolation in the frequency

domain [151]. In addition to interpolation, zero padding to create a data set of length 2N , where N

is a positive integer, maximizes the speed of the FFT calculation.

THz generation via plasma filamentation produces extremely broadband THz pulses. At the

point of generation, the 1745 nm pulses are at most of the order a few hundred fs in length, and

thus result in THz pulses containing bandwidth out to at least 20 THz. In our system, the effective

useable bandwidth is limited not by this production, but by the EO detection in GaP. A power

spectrum plot of the detectable bandwidth of the system is shown in Figure 5.6, along with the

frequency coverage of several key astronomical observatories operating in this frequency region, for

reference.
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Figure 5.6: Cartoon depicting the approximate bandwidth ranges covered by receivers on the
Herschel Space Telescope, Atacama Large Millimeter Array, and Stratospheric Observatory for

Infrared Astronomy. They are overlaid on a THz power spectrum from the THz-TDS instrument
generated from the FFT of the first 35 ps of the pulse shown in Figure 5.5. The vertical positions

of the telescope coverage are arbitrary.
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Chapter 6

Results

A comparison of the ices studied presented here is shown in Figure 6.1. Spectra of each individual

species is presented and discussed in detail in the following sections.

6.1 Water (H2O)

Crystalline water was formed through the deposition of 5 Torr of gaseous water over a period of 5

minutes at 150 K. Amorphous water was formed through the deposition of 4 Torr of gaseous water

over a period of 7 minutes at 10 K.

Crystalline water (Figure 6.3) shows a single sharp band at 6.9 THz (H-bond stretching between

hydrogen-bonded bilayers), 5.7 THz (out-of-phase vibration within a bilayer), 4.9 THz (proton

disordered motion), 4.3 THz, and 1.9 THz (O-O-O bending motion) [152; 153]. The features at

4.9 THz and 6.9 THz display a narrowing and blue shift with decreasing temperature. Amorphous

water (Figure 6.4) ice displays strong, broad absorption bands at 4.6 THz and 6.2 THz. Crystalline

water is the most well-studied in the literature in this frequency region (see, e.g. [154; 140]). A

qualitative comparison of the spectrum of crystalline water ice obtained in our instrument to that

of [154] is shown in Figure 6.2.

Amorphous water that has been annealed to 175 K for a period of 10 minutes presents a set of

features that appear to be a blending of both amorphous and purely crystalline water ice (Figure

6.5). The peak at 6.9 THz appears to shift somewhat, and to grow in on top of the amorphous

features.
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Figure 6.1: Comparison of THz spectra of crystalline ices studied in the laboratory, all at 10 K.
Traces are vertically offset for clarity, and scaled to show detail.
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Figure 6.2: Qualitative comparison of the spectrum of crystalline water at 10 K (blue) obtained
with the Blake Group THz-TDS system to that of [154]. Adapted from Figure 11 of [154]. Traces

are on equivalent frequency scale; the intensity of the blue trace has been normalized to that of the
peak of the literature trace.

6.2 Deuterated Water (D2O)

Crystalline D2O was formed through the deposition of 5.5 Torr of gaseous D2O over a period of

9 minutes at 150 K. At 150 K, crystalline D2O displays a sharp peak at 6.7 THz, a broader peak

at 4.7 THz, and a broad shoulder centered at ∼5.7 THz. All distinct peaks show a narrowing and

blue shift with decreasing temperature. Compared to H2O, the features at 6.7 THz and 4.7 THz

are noticeably red-shifted, while the broad shoulder at 5.9 THz is relatively unchanged. The red

shift in the modes at 6.7 THz and 4.7 THz agrees well with the model of heavier molecules shifting

vibrations to lower frequencies.

6.3 Methanol (CH3OH)

Crystalline methanol was formed through the deposition of 8 Torr of gaseous methanol over a period

of 10 minutes at 140 K. Amorphous methanol was formed through the deposition of 8 Torr of gaseous

methanol over a period of 18.5 minutes at 10 K.

Crystalline methanol (Figure 6.7) presents narrow, strong peaks at 5.4 THz, 4.4 THz, 3.4 THz,

2.6 THz, and 2.1 THz. The peaks above 3 THz have been previously observed and documented

in the literature [140] and agree with our data. The peaks at 2.6 THz and 2.1 THz have not been
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Figure 6.3: Spectra of crystalline water, deposited at 150 K, at 150 K (red), 75 K (black), and 10
K (blue). Traces have been vertically offset for clarity.
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Figure 6.4: Spectra of amorphous water, deposited at 10 K, at 125 K (orange) and 10 K (blue).
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Figure 6.5: Comparison of crystalline water, deposited at 150 K, at 150 K (red) and 10 K (blue)
to amorphous water deposited at 10 K at 10 K (blue) and at 150 K after being annealed to 175 K
for 10 minutes (red). Traces have been scaled as indicated to show detail, and offset vertically for
clarity. The annealed ice clearly displays profiles distinct from both amorphous water and water
that was deposited crystalline, indicating that these THz features are sensitive to the thermal

history of the ice.
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Figure 6.6: Spectra of crystalline D2O, deposited at 150 K, at 150 K (red), 75 K (black), and 10
K (blue). Traces have been vertically offset for clarity.
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previously reported. All distinct peaks show a narrowing and blue shift with decreasing temperature.

Amorphous methanol (Figure 6.8) shows a broad feature at 4.4 THz and potentially a second feature

at 6.8 THz, though this is reaching the limit of our noise floor in these data. These features have

been previously observed, as well [140].

Amorphous methanol that has been annealed to 140 K for a period of 10 minutes shows a set of

features that is clearly distinct from those displayed by amorphous and purely crystalline methanol

(Figure 6.9). In particular, the sharp mode at 5.4 THz is significantly broadened and weaker.

6.4 Water-Methanol Mixtures

Three mixtures of water and methanol were prepared in ratios of 2:1, 1:1, and 1:2 water:methanol

and deposited crystalline at 140 K over a period of 20 minutes, 17.5 minutes, and 15 minutes,

respectively, before being cooled to 10 K (Figure 6.10). In the case of the 2:1 water:methanol

mixture, the spectra are dominated by crystalline water features, displaying few disruptions from

the presence of the methanol. The 1:1 mixture displays a spectrum that strongly resembles that of

amorphous water ice, while the 2:1 mixture displays a spectrum that shows significant disruptions

to the amorphous water profile.

6.5 Methyl Formate (CH3OCHO)

Crystalline methyl formate was formed through the deposition of 6 Torr of gaseous methyl formate

over a period of 4.5 minutes at 135 K. Crystalline methyl formate presents narrow features at 1.75

THz, 2.2 THz, 2.3 THz, 2.5 THz, 2.9 THz, and 3.3 THz. A broader peak at 3.1 THz shows indications

that it may be a blend of two narrower features. Several smaller features are possibly visible up to

4 THz, and a pair of weak features may be present at 370 GHz and 470 GHz. All distinct peaks

show a narrowing and blue shift with decreasing temperature.

6.6 Carbon Dioxide (CO2)

Crystalline carbon dioxide was formed through the deposition of 6 Torr of gaseous carbon dioxide

over a period of 2 minutes at 75 K. The spectrum of crystalline carbon dioxide (Figure 6.12) shows

only two weak, but distinct and narrow transitions at 2.1 THz and 3.5 THz. Both of these features

display a narrowing and blue shift with decreasing temperature (see inset of Figure 6.12 for detail).
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Figure 6.7: Spectra of crystalline methanol, deposited at 140 K, at 100 K (green), 75 K (black),
and 10 K (blue). Traces have been vertically offset for clarity.
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Figure 6.8: Spectra of amorphous methanol, deposited at 10 K, at 75 K (black) and 10 K (blue).



100

7654321

Frequency (THz)

R
e
la

ti
v
e
 A

b
so

rb
a
n
c
e

a-CH3OH

Annealed to 140 K

at 100 K

c-CH3OH at 100 K

a-CH3OH at 10 K

Figure 6.9: Comparison of crystalline methanol, deposited at 140 K, at 100 K (green) to
amorphous methanol deposited at 10 K at 10 K (blue) and at 100 K after being annealed to 140 K
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Figure 6.11: Spectra of crystalline methyl formate, deposited at 135 K, at 100 K (green), 75 K
(black), and 10 K (blue). Traces have been vertically offset for clarity.
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Figure 6.12: Spectra of crystalline carbon dioxide, deposited at 75 K, at 75 K (black), 50 K
(violet), and 10 K (blue). Traces have been vertically offset for clarity. Inset shows detail on the

narrowing and blue-shift of the 3.5 THz transition of CO2 with decreasing temperature.

The feature at 3.5 THz has been previously observed in the literature [140], while both features

have been predicted by theory [155] at high pressures. A predicted spectrum of crystalline carbon

dioxide at ambient pressure was generated using Crystal 09, and is shown as red sticks in Figure

6.13 for comparison.
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Figure 6.13: Spectra of crystalline carbon dioxide at 10 K (blue), with theoretical predictions
from Crystal 09 overlaid in red based on the crystal structure at ambient pressures.
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6.7 Formaldehyde Functionalization: Formic Acid, Acetic

Acid, Acetaldehyde, and Acetone

To take full advantage of the enormous amount of available THz observations (e.g., Herschel, SOFIA,

and ALMA), laboratory analogs must be studied systematically. Here, we present the THz spec-

tra of perhaps the simplest series of astrophysically-relevant molecules that share common, and

progressively more complex, functional groups (see Figure 6.14).

6.8 Acetaldehyde (CH3CHO)

Crystalline acetaldehyde was formed through the deposition of 8 Torr of gaseous acetaldehyde over

a period of 15 minutes. When preparing the sample, it was noted that acetaldehyde rapidly boils

when exposed to vacuum, resulting in significant sample loss. Thus, care must be taken to ensure

adequate sample remains after the initial vacuum exposure and the ensuing freeze-pump-thaw cycle.

Initial attempts to deposit at 140 K were unsuccessful. The deposition temperature was gradually

lowered until signal from acetaldehyde was observed in the FTIR spectra, which occurred at ∼125

O

H H

O

H OH

O

H CH3

O

HO CH3

O

H3C CH3

+OH +OH

+CH3 +CH3

Formic Acid Acetic Acid

Formaldehyde Acetaldehyde Acetone

Figure 6.14: Cartoon demonstrating the increasing complexity achievable with the addition of a
single functional group (in this case OH or CH3 radicals) to a simpler, neutral species. Arrows do

not represent reaction pathways or mechanisms.
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K. Amorphous acetaldehyde was formed through the deposition of 4 Torr of gaseous acetaldehyde

over a period of 5.5 minutes at 10 K.

Crystalline acetaldehyde (Figure 6.15) displays a dense set of spectral features with prominent

peaks at 6.2 THz, 5.1 THz, 4.0 THz, 3.2 THz, and 2.4 THz. All of these peaks show both a

narrowing and a blue shift with decreasing temperature. Amorphous acetaldehyde displays a single

broad feature centered around 2.5 THz.

Amorphous acetaldehyde is unstable, and crystallized rapidly when heated to 75 K, well below

the deposition (and intended annealing temperature) of 125 K, as seen in Figure 6.16. Amorphous

acetaldehyde, that is annealed to 125 K and then cooled to 100 K (Figure 6.17), displays peaks that

are broader than their counterparts in crystalline acetaldehyde at 100 K. This may indicate that

although amorphous acetaldehyde is unstable and rapidly converts to a more crystalline structure,

the formation of a fully crystalline lattice is not efficient under these conditions. It should be noted,

however, that the spectral difference between annealed and fully crystalline acetaldehyde is markedly

more subtle than similar comparisons in other species in this study.

Acetaldehyde was difficult to fully purge from the system after study. For several days afterward,

despite allowing the substrate to warm to room temperature overnight every night, weak absorption

was seen at the frequency of the strong, sharp transition from crystalline acetaldehyde at 3.2 THz.

The most likely explanation is that the acetaldehyde desorbed to the walls of the vacuum chamber

and subsequently deposited, crystalline, as soon as the substrate was cooled down from room tem-

perature the next day for experiments. After the chamber was opened and thoroughly cleaned with

200-proof ethanol, the signal at 3.2 THz no longer appeared in subsequent scans.

6.9 Water-Acetaldehyde Mixtures

Three mixtures of water and acetaldehyde were prepared in ratios of 2:1, 1:1, and 1:2 water:acetaldehyde

and deposited crystalline at 125 K over a period of 21 minutes, 14 minutes, and 17.5 minutes, re-

spectively, before being cooled to 10 K (Figure 6.10). In the case of the 2:1 water:acetaldehyde

mixture, the spectrum is appears to mostly resemble amorphous water, with a small peak at the 6.9

THz sharp feature of crystalline water. The 1:1 mixture displays a spectrum that resembles quite

strongly that of amorphous water ice, however, with the addition of several crystalline acetaldehyde

peaks at 2.4 THz, 3.2 THz, 4.0 THz, and 5.1 THz. The 2:1 mixture displays a spectrum that shows

significant disruptions to the amorphous water profile, resembling more the crystalline acetaldehyde

with a single broad component interfering at the higher frequencies.
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Figure 6.15: Spectra of crystalline acetaldehyde, deposited at 125 K, at 100 K (green), 75 K
(black), and 10 K (blue). Traces have been vertically offset for clarity.
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Figure 6.16: Spectra of amorphous acetaldehyde, deposited at 10 K, at 100 K (green), 75 K
(black), and 10 K (blue).
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Figure 6.17: Comparison of crystalline acetaldehyde, deposited at 125 K, at 100 K (green) to
amorphous acetaldehyde deposited at 10 K at 10 K (blue) and at 100 K after being annealed to

125 K for 5 minutes (green). Traces have been scaled as indicated, and offset vertically for clarity.
The annealed ice clearly displays profiles distinct from both amorphous acetaldehyde and

acetaldehyde that was deposited crystalline, indicating that these THz features are sensitive to the
thermal history of the ice.
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Figure 6.18: Spectra of purely crystalline water, purely crystalline acetaldehyde, and mixtures of
water:acetaldehyde in ratios of 2:1, 1:1, and 1:2, all deposited crystalline and cooled to 10 K.

Traces are scaled to show detail, and vertically offset for clarity.
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6.10 Acetone ((CH3)2CO)

Crystalline acetone was formed through the deposition of 8 Torr of gaseous acetone over a period

of 9 minutes at 150 K. Amorphous acetone was formed through the deposition of 8 Torr of gaseous

acetone over a period of 11 minutes at 10 K. The appropriate annealing temperature for this ice was

not known a priori, and attempts were made at 150 K, 160 K, and 170 K. The ice was observed

to completely and rapidly desorb at a temperature of 170 K. To study the annealed ice, a second

sample of amorphous acetone was prepared under the same deposition conditions and annealed to

150 K for 10 minutes.

Crystalline acetone (Figure 6.19) displays a rich absorption profile in the THz, comparable to

that of crystalline methanol, but with peaks that are often narrower. Further, crystalline acetone

is the only molecule studied here to show distinct, narrow signals below 2 THz. The strongest

transitions arise at 2.8 and 4.0 THz. Some peaks, such as the strong signal at 4.0 THz, display the

narrowing and blue shift with decreasing temperature. Others, however, like the feature at 1.8 THz,

show very little shift relative to the other signals.

Like amorphous acetaldehyde, amorphous acetone (Figure 6.20) is relatively unstable, and will

begin to crystallize at temperatures well below the crystalline deposition temperature. Fully amor-

phous acetone shows two strong, broad absorption bands centered at 3.5 and 7.0 THz. At 100 K, the

band at 3.5 THz begins to resolve into the strong crystalline features at 2.8 and 4.0 THz, and the

smaller, sharper features below 2 THz also become visible. Amorphous acetone that is annealed to

150 K for 10 minutes before being cooled to 100 K (Figure 6.21) displays a spectrum which is similar

to fully crystalline acetone at this temperature. While the peak centers are mostly reproduced, the

lineshapes presented are subtly different.

6.11 Formic Acid (HCOOH)

Crystalline formic acid was formed through the deposition of 4 Torr of gaseous formic acid over a

period of 5.5 minutes at 150 K. Amorphous formic acid was formed through the deposition of 2 Torr

of gaseous formic acid over a period of 8 minutes at a temperature of 10 K.

Crystalline formic acid (Figure 6.22) and amorphous formic acid (Figure 6.23) display remarkably

similar spectral profiles, with intense, broad absorption centered around 6.8 THz. The features from

amorphous formic acid are perhaps slightly broader, while crystalline formic acid may display sharper

features on top of the broad absorption profile. In general, these features do not show a consistent or
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Figure 6.19: Spectra of crystalline acetone, deposited at 150 K, at 100 K (green), 75 K (black),
and 10 K (blue). Traces have been vertically offset for clarity.
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Figure 6.20: Spectra of amorphous acetone, deposited at 10 K, at 100 K (green), 75 K (black),
and 10 K (blue).
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Figure 6.21: Comparison of crystalline acetone, deposited at 150 K, at 100 K (green) to
amorphous acetone deposited at 10 K at 10 K (blue) and at 100 K after being annealed to 150 K
for 10 minutes (green). Traces have been scaled as indicated, and offset vertically for clarity. The
annealed ice clearly displays profiles distinct from both amorphous acetone and acetone which was
deposited crystalline, indicating that these THz features are sensitive to the thermal history of the

ice.
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easily discernible narrowing or blue shift with decreasing temperature, as has been widely observed

in other species.

Annealed formic acid (Figure 6.24) displays a spectral profile that appears distinct from amor-

phous and fully crystalline formic acid. The uncertainty in the origin of the structure observed over

the broad feature, however, makes any attempt at a more rigorous comparison difficult.

6.12 Acetic Acid (CH3COOH)

Crystalline acetic acid was formed through the deposition of 4 Torr of gaseous acetic acid over

a period of 3 minutes at 150 K. It was noted that the acetic acid froze more rapidly than most

species during the freeze-pump-thaw cycle. After freezing, the sample was exposed to vacuum for a

significant amount of time, but no melting was observed. Despite this, when the line was allowed

to fill with gas, the pressure rose rapidly to 13 Torr. At this point, the sample appeared to remain

solid, but had formed a hollow tube structure in the sample finger, and was no longer cold to the

touch. After some time, the sample did eventually melt. The FTIR clearly indicated the presence

of pure, crystalline acetic acid. Amorphous acetic acid was formed through the deposition of 2 Torr

of gaseous acetic acid over a period of 3 minutes at 10 K. In this case, a warm water bath was

introduced after the sample was frozen and exposed to vacuum. The sample melted more rapidly.

As with formic acid, crystalline acetic acid (Figure 6.25) and amorphous acetic acid (Figure 6.26)

display markedly similar profiles, with broad absorption centered around 6.0 THz. Unlike formic

acid, however, crystalline acetic acid displays an additional, albeit weak absorption feature at 2.6

THz that is not seen in amorphous formic acid. By monitoring the signal from acetic acid with

the FTIR, we experimentally determined that all acetic acid desorbed from the substrate at around

220 K. An annealing temperature of 200 K was therefore chosen. After annealing to 200 K for 5

minutes and cooling back to 100 K, the annealed acetic acid shows the feature at 2.6 THz, as well

as displaying a narrowing in the band at 6.0 THz, relative to both crystalline and amorphous acetic

acid.
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Figure 6.22: Spectra of crystalline formic acid, deposited at 150 K, at 100 K (green), 75 K
(black), and 10 K (blue).
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Figure 6.23: Spectra of amorphous formic acid, deposited at 10 K, at 75 K (black), and 10 K
(blue).
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Figure 6.24: Comparison of crystalline formic acid, deposited at 150 K, at 10 K (blue) to
amorphous formic acid deposited at 10 K at 10 K (blue) and at 10 K after being annealed to 150 K
(blue). Traces have been scaled as indicated, and offset vertically for clarity. While the annealed
ice clearly displays profiles distinct from both amorphous formic acid and formic acid that was

deposited crystalline, the overall profile of the absorption has remained the same. This is consistent
with a strongly-bound dimer structure that largely prevents reorganization into a wider lattice.
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Figure 6.25: Spectra of crystalline acetic acid, deposited at 150 K, at 100 K (green) and 10 K
(blue).
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Figure 6.26: Spectra of amorphous acetic acid, deposited at 10 K, at 100 K (green), 75 K
(black), and 10 K (blue).
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Figure 6.27: Comparison of crystalline acetic acid acid, deposited at 150 K, at 100 K (green) to
amorphous acetic acid deposited at 10 K at 10 K (blue) and at 100 K after being annealed to 200
K (green). Traces have been offset vertically for clarity. While the annealed ice clearly displays an
additional small absorption at 2.5 THz, the primary absorption feature remains largely unchanged.
This is may indicate a strongly-bound dimer structure, similar to formic acid, that largely prevents

reorganization into a wider lattice.
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Chapter 7

Discussion

7.1 Molecular Motions

The THz spectra presented here probe a set of molecular motions that is distinct from those at both

higher and lower frequencies. Generally speaking, transitions in the infrared (like those in Appendix

C) arise from the intramolecular motions of molecules – the bending and stretching of bonds within a

single molecule, perhaps perturbed somewhat by interactions with surrounding species (solids, neat

liquids) or solvents – while transitions in the microwave arise from the pure rotational or torsional

motions of a single molecule (see Figure 7.1). Signals arising in the THz region of the spectrum,

however, probe a distinctly different regime.

The pure rotational motion of some lighter molecules, and the torsional motion of complex

species such as methanol, has transitions from intramolecular motion in the range of 1 to a few

THz. However, the bulk of the transitions observed in the THz arise from the intermolecular

motion of molecules. In particular, the long-range, bulk motion (i.e. lattice modes) of hydrogen-

bonded structures seems to dominate this spectral region. The most-studied of these is the case of

crystalline water, which shows transitions arising from the bulk motion of hydrogen-bonded bilayers

with respect to one another [152; 153] (see Figure 7.2). It is therefore of little surprise that the THz

spectra collected with our instrument for crystalline ices present both more numerous and more

distinct features than those from amorphous ices. This also offers the ability to probe the effects of

impurities on the large-scale structure (i.e. hydrogen-bonding networks) in these crystalline ices.

Indeed, the THz spectra of these ices appear to be exquisitely sensitive to this structure, and to

any disruption in the crystalline network. Perhaps the most extreme example of this is shown in

Figure 6.17. Amorphous acetaldehyde appears to require very little thermal energy to reorganize

into a crystalline structure, with distinctly crystalline features arising in samples that are heated to
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Figure 7.1: Cartoon depicting the molecular motions that generally lead to transitions arising in
the infrared – intramolecular vibrations – and in the microwave – rotational and torsional motion.

Figure 7.2: Cartoon depicting the hydrogen-bonded bilayers formed in crystalline water ice. THz
spectroscopy is sensitive to the large-scale, bulk stretching and bending of hydrogen bonds between

and among these bilayers.
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as little as 75 K (50 K below the deposition temperature for purely crystalline acetaldehyde). In

these experiments, the samples are held at the temperatures reported for each spectra for at least

2 hours to complete the scans. In this case, the amorphous acetaldehyde was kept at 75 K and

then 100 K for more than 4 hours, before being briefly annealed to 125 K for 5 minutes and cooled

back down to 100 K for stability. Despite this large thermal bath, and long exposure times, the

amorphous sample does not present the same spectrum as purely crystalline acetaldehyde. Thus,

these THz spectra provide insight into the thermal history of the ices, and not just their current

configuration.

This seems to hold, to greater or lesser extent, for the large majority of the species studied.

Perhaps the most important of these is water, which clearly shows evidence of a mix of amorphous

and crystalline forms after annealing (Figure 6.5). Of the ices studied here, this has the greatest

potential to provide direct insight from observations of protoplanetary disks, hot cores around young

protostars, or other regions where a large temperature gradient exists. If this incomplete crystal-

lization holds over astronomical timescales, it is easy to imagine being able to distinguish between

a crystalline ice that was formed from water that has cooled from higher temperatures, and one

which was initially amorphous, but has been warmed, either through the ignition of a young star or

through migration toward a source of thermal energy. Thus, observations of water ice in the THz

hold the possibility to elucidate pathways of volatile transport in protoplanetary disks, and in the

thermal evolution of complex organic molecules.

7.2 A Lattice-Mode Exception: Formic and Acetic Acid

Notable exceptions to this are the cases of formic and acetic acid. In these cases (see Figures 6.22,

6.23, 6.25, and 6.26) both the crystalline and amorphous ices appear to present almost indistinguish-

able spectra, with a single strong, broad feature arising at ∼7 THz and ∼6 THz in formic and acetic

acid, respectively.1 The likeliest explanation is that neither formic nor acetic acid form long-range

structures at energies low-enough to maintain an ice. Instead, the signal may be arising from the

hydrogen-bond stretching between dimers of the molecules that have formed in the gas phase in the

deposition line and deposited as dimers onto the surface where the thermal bath is not sufficient to

cause a reorganization (see Figure 7.3).

1Some structure is visible on top of these broad peaks, but it is unclear whether or not this structure is arising
due to the very low transmission at the peak of these transitions. Follow-up scans at higher resolution should be
conducted to elucidate the details of the spectra profile.
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Figure 7.3: Cartoon depicting the gas-phase hydrogen-bonding arrangement of the formic acid
dimer (not to scale).

To test this theory, we performed a modest computational analysis of the vibrational modes of the

formic and acetic acid dimers. All calculations were performed using the MP2/6-311+G(d,p) level

of theory and basis set to adequately model the hydrogen bonding interactions between molecules,

and were carried out using Gaussian 09 [156]. Since harmonic frequencies calculated with MP2 are

known to be systematically biased toward higher frequencies than observed [157], the calculated

frequencies in wavenumbers were scaled by a value of 0.9646 as used by [158].

While these calculations are for gas-phase dimers, they can provide some insight into solid-phase

structures as well. The hydrogen-bonded interaction that forms a dimer is indeed strong, and dimers

can therefore dominate the structure of pure ices. Our calculations provide evidence in support of

this. In the case of the formic acid dimer, the calculations reveal a strong mode corresponding to a

rocking of the two molecules, which stretches their hydrogen bonds, at 235 cm−1 (7.0 THz). This is

in good agreement with the formic acid mode observed in the experimental spectrum at ∼7 THz. A

similar mode is found in the calculated vibrations for the acetic acid dimer at 160 cm−1 (4.8 THz).

According to our experimental data, however, the strongest mode of acetic acid peaks at ∼6 THz.

Differences between these MP2 simulations and the THz laboratory results can be explained by the
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more constrained nature of the molecules in the ice that can cause the frequency of this rocking

vibration to be higher in energy in the solid phase than in the gas phase.

Overall, while the predicted mode of acetic acid does not agree perfectly with the experimentally-

measured transition, the calculations produce the same red shift in frequency, relative to the formic

acid mode, as observed in the experiments. This offers evidence to support our assignments of these

transitions, as a model of harmonic vibrations predicts a decrease in frequency when mass is in-

creased, as is the case when a heavier functional group is added (-CH3 vs H). Therefore, similarities

between THz spectra of amorphous and crystalline acidic ices can be explained by the direct depo-

sition of acidic dimers onto the substrate. As a result of the strong hydrogen-bonding interaction

between dimers, the features around 6 and 7 THz remain largely unchanged when the molecules are

deposited at high temperatures or when amorphous ices are annealed.

7.3 Mixtures

Although there are some mixed binary and more complex ices reported in literature in the far-IR

region of the electromagnetic spectrum, there are no data available at low frequencies (between 0.3

and 3 THz). For instance, Moore and Hudson [140] mixed water with other interstellar relevant

species with a ratio of 10:1 and 2:1. All of their amorphous ices were deposited at 13 K, while the

crystalline mixtures were obtained by annealing amorphous ices to 155 K and cooling them back

to 13 K. This procedure may lead to some desorption, diffusion, and reorganization. However, we

showed that annealed ices are hardly fully crystalline unless the ice is annealed to temperatures close

to their desorption temperature for several minutes. This can also cause desorption of part of the ice.

Allodi et al. [136] showed that CO2 mixed in water ice segregates at higher temperatures between

the bilayers of water ice, disrupting the crystalline structure of water ice. Spectra of these mixtures

are hard to interpret if not supported by proper THz ice-database that includes spectra of pure ices

at different temperatures and different mixtures deposited at high temperatures. Therefore, our goal

here is the investigation of the spectral changes of crystalline ice when binary mixtures are deposited

at different ratios and high temperature.

Figure 6.10 shows mixtures of water with methanol in ratios of 2:1, 1:1, and 1:2 deposited

fully crystalline at 140 K. The mixture at 2:1 H2O:CH3OH shows little change from that of purely

crystalline H2O. This is in sharp contrast to the study of CO2 and H2O mixtures in [136], where even

with dilutions as high as 10:1 H2O:CO2, severe disruption of the H2O hydrogen-bonding network

is seen (see Figure 8 of [136]). Indeed, at a mixture ratio of 5:1 H2O:CO2, there is no evidence for
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crystalline structure at all, with the ice appearing fully amorphous. At the 10:1 H2O:CO2 dilution,

a hint of the crystalline H2O feature around 7.2 THz can be seen, but is barely above the noise

level. This is in sharp contrast to the 2:1 H2O:CH3OH mixture studied here. In this case, the ice

appears nearly fully crystalline, with all features still clearly visible. This is likely due to the ability

for CH3OH to substitute in to the hydrogen-bonding network of H2O without largely disrupting the

long-range motion.

At an even ratio of 1:1 H2O:CH3OH, the ice appears fully amorphous, which is perhaps unsur-

prising, as despite the ability of both species to form hydrogen bonds, the lack of a dominant member

prevents an overall ordered structure from forming. This conclusion seems to be supported by the

1:2 H2O:CH3OH mixture where modes of crystalline CH3OH have clearly begun to be visible. This

indicates that the ice has formed an ordered structure similar to that of purely crystalline CH3OH,

with H2O impurities participating in the hydrogen-bonding lattice.

A similar, but subtly different effect is seen when the mixture partner is acetaldehyde (see Figure

6.18). In this case, the CH3CHO, while a better hydrogen-bonding impurity than CO2, does not

appear to participate as fully in the network as CH3OH. As a result, the spectra of 2:1 H2O:CH3CHO

appears nearly fully amorphous, with only a small crystalline H2O feature still visible. The CH3CHO,

however, appears to be much more tolerant of H2O impurities than CH3OH, with purely crystalline

CH3CHO features clearly appearing in the 1:1 mixture. At an enrichment of 1:2 H2O:CH3CHO, the

ice appears nearly fully crystalline CH3CHO. Another possibility is that the H2O and CH3CHO are

porous enough that the dopant species has segregated, and has crystallized within the pores of the

primary constituent.
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Part IV

Conclusions
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The work presented here attacks the issue of understanding the chemical evolution of prebiotic

and biotic materials, such as amino acids, from multiple fronts. From an observational standpoint,

the identification of carbodiimide in the ISM for the first time has added a new molecule to the

known molecular inventory. Beyond this result, and perhaps more importantly, it has hopefully

opened others up to the possibility that searches for molecules that should be undetectable under

LTE conditions may yet be fruitful. With the thoughtful exploitation of phenomena such as masing,

important transient or intermediate species, which have a non-negligible effect on the overall chemical

and physical evolution of a system, may yet be detected.

Through the studies of l-C3H+ presented here, it has been shown that careful examination of

the chemistry and chemical environments probed by the observations can provide a robust and deep

insight into the mechanisms at work and the species present. Without any laboratory work having

been conducted, and examining only archival observational data, C3H– was dismissed as the carrier

of B11244 based on an analysis of the chemistry at work in the environments where it had been

detected. This work now expands, seeking to explore how l-C3H+ can probe the environments, and

the thus-far rare conditions in which it is present in detectable abundance.

Again, using only archival observational data, a serious gap in the completeness of state-of-the-

art gas-grain astrochemical models was closed by the report of a non-detection of hydroxylamine in

a number of complex molecular sources. As a result of this work, what is perhaps the last efficient

route to the formation of glycine in the gas phase has been challenged, and new astrochemical models

now turn to reactions on and within the icy mantles of dust grains to form this important species.

While the primary composition of these icy environments is relatively well-understood, there

has been no definitive observational evidence for the presence of any molecules more complex than

methanol in the solid phase. The construction of a THz-TDS system to study astrophysical ices

has begun to open up a region of the electromagnetic spectrum that has been almost completely

unexplored in terms of observing solid-phase species in the ISM. This work has revealed not only

the richness of spectral features in the THz region, but the exquisite sensitivity of these spectra on

the long-range structure of the ices as well. While traditional observations in the mid-IR offer a

somewhat comparable insight into this structure, the THz has, at least preliminarily, demonstrated

an unparalleled and exciting ability to probe the thermal history of the ices. Should such a history

be observable in observational spectra in the THz, the potential insight gained into the physical

evolution, dynamics, and mass transport within protostellar cores and protoplanetary systems is

remarkable.
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These initial studies of ices in the THz-TDS instrument, and the conclusions drawn from them,

are largely based on a qualitative assessment of the relative positions, intensities, and profiles of the

signals observed. This is a natural and expected consequence of the foundational work being done

with this system; there is essentially no prior body of knowledge from which to build on, and thus,

this work must necessarily begin from the most basic of analyses, and yet, such efforts can only

achieve so much. The full potential of these endeavors cannot be realized until the basic forces at

work are quantified, and the underlying physical phenomena elucidated. The use of the relatively

basic theoretical simulations of dimers to understand the behavior of formic and acetic acids, and

to predict, with surprising accuracy, the observed modes of CO2 using periodic boundary condition-

constrained solid-state calculations, represent a first step into a larger world. The sensitivity of

these observations to ordered structure demands deeper theoretical investigations into the long-range

lattice structures present in these ices. For example, mixtures of methanol and acetaldehyde with

water generate an immediate awareness that understanding the interplay and transitions between

these distinctly separate ordered domains will be a complex undertaking that will rely on both

computational and laboratory efforts. The inherently time-domain nature of these studies extends

their utility by offering the opportunity to probe directly the optical constants of a species of interest,

without the need for approximate treatments of indirect data.

These studies illuminate both the early (i.e. the formative, complex molecular nebulae) and the

late (i.e. the incorporation into, or formation of amino acids in cometary ices) stages of complex

prebiotic organic chemistry along the pathway to the formation of primitive life on Earth. They

examine the two disparate, yet intricately interconnected phases of chemical evolution in the ISM

by probing, or offering the means to probe, the composition and the chemistry of both the gas and

solid phases of organic matter. In the end, it is not enough that we know what is out there, between

the stars; rather, it is our goal to understand how it all fit together, sometime in the last 13.7 billion

years (give or take), to make us.
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Appendix A

A CSO Broadband Spectral Line
Survey of Sgr B2(N)-LMH from
260 - 286 GHz

The entirety of this appendix is reproduced from “A CSO broadband spectral line survey of Sgr

B2(N)-LMH from 260 - 286 GHz,” by B.A. McGuire et al., arXiv:1306.0927 (2013).

A.1 Abstract

Presented here are the results of a broadband spectral line survey of the Sgr B2(N) - LMH region from

260 - 286 GHz using the Caltech Submillimeter Observatory. The data were taken over the course

of a single night (May 26, 2013) during the course of science testing of the remote observational

capabilities of the facility. The data are freely available to public both as raw, double-side band

observational data and as a minimally-reduced ascii spectrum. The procedural scripts used for the

preliminary data reduction using CLASS are provided as well. The observational parameters and

preliminary data reduction procedures are detailed. Finally, we provide instructions for accessing

the data, as well as comment on the robustness of the preliminary reduction.

A.2 Introduction

Advances in the state-of-the-art during the last decade have made the acquisition of broadband,

high-resolution, and high-sensitivity spectral line surveys a time-efficient process. These surveys have

great staying power. By collecting data over a wide range in frequency space, rather than focusing

on small windows around molecular transitions of interest, the data can be mined repeatedly for
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Table A.1: Summary of spectral line surveys of Sgr B2(N)

Covered Frequencies Facility Reference
0.3 - 50 GHz GBT (see, e.g. [77])

80 - 116 GHz IRAM 30-m [159]

86 - 90 GHz
BIMA & NRAO 12-m [160]

106 - 110 GHz

140 - 170 GHz NRAO 12-m [24]a

202 - 218 GHz IRAM 30-m [159]

218 - 265 GHz SEST [161]

260 - 286 GHz CSO (This work)

480 - 1910 GHz Herschel Space Telescope [162]
a) Details of the observations and motivations can be found in [76]

GBT - Robert C. Byrd 100-m Green Bank Telescope
IRAM - Institut de Radioastronomique Millimétrique
BIMA - Berkeley-Illinois-Maryland Array
SEST - Swedish-ESO Submillimeter Telescope
CSO - Caltech Submillimeter Observatory

new molecular information as laboratory spectra become available. Perhaps the most studied target

of these surveys is the galactic center source Sagittarius B2(N) (see Table A.1).

This work has been performed in the spirit of the PRebiotic Interstellar MOlecular Survey

(PRIMOS) project. The PRIMOS key project began in January of 2008, and observations continue

to expand its frequency coverage. This project provides high-resolution, high-sensitivity spectra of

the Sgr B2(N-LMH) complex centered at (J2000) α = 17h47m19s.8, δ = -28◦22′17′′ . The PRIMOS

project is providing reduced data to the public with no proprietary period. Here, we endeavor to do

the same.
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A.3 Observations

The data presented here towards of the Sgr B2(N-LMH) complex are centered at (J2000) α =

17h47m19s.8, δ = -28◦22′17′′ . The observations were conducted on May 26, 2013 at the Caltech

Submillimeter Observatory as part of science testing of the facility’s remote observational capabilities

using the 8 GHz broadband 230 GHz receiver. Pointing solutions were acquired every 2 hours on

average, with pointing offsets consistent with previous nights to within a few arcseconds. The data

were obtained in position switching mode with an offset of 2◦.

The 230 GHz receiver at the CSO is a double-side band (DSB) receiver. Thus, multiple IF settings

are necessary for a reliable deconvolution to single-side band (SSB) spectra. For these observations,

three rest frequencies, separated by ∼8 GHz, were observed with at least 5 IF settings. This provides

at least 5 different rest- and image-frequency combinations for each observed frequency.1 Several

additional, deeper integrations were obtained at slightly different rest frequencies and IFs and have

been included in this data set.

The data were processed by two FFTS spectrometers. The first provides 1 GHz of DSB cover-

age with a frequency resolution of 122 kHz. The second FFTS spectrometer provides two, 4-GHz

windows of DSB coverage with a frequency resolution of 269 kHz.

A.4 Data Analysis

The complete, raw dataset and reduction scripts are accessible at:

http://tracker.cv.nrao.edu/PRIMOS/CSO_260_290_Survery_Data/.

The preliminary reduction is presented here, and is available in ascii format through the Spectral

Line Search Engine (SLiSE) accessible at: http://www.cv.nrao.edu/~aremijan/SLiSE/.

The procedures used to clean, baseline-subtract, and deconvolve the data for the preliminary

reduction presented here are given in plain text in Appendix A, and will be described here in detail.

The reduction was performed using the CLASS package of the GILDAS suite of programs.2 The

raw observational spectra are adjusted to a rest frequency corresponding to a Vlsr = +64 km/s.

First, the FFTS1 data were Hanning-smoothed to ∼244 kHz, then both FFTS1 and FFTS2 data

were resampled to a resolution of 300 kHz (0.33 km/s at 275 GHz). Next, noise spurs from the

1Necessarily less redundancy is obtained near the edges of the observations.
2http://www.iram.fr/IRAMFR/GILDAS

http://www.cv.nrao.edu/~aremijan/SLiSE/
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Figure A.1: Deconvolved and baseline-subtracted spectrum of Sgr B2(N) from 260 - 286 GHz.

spectrometers were removed and blanked. Finally, several scans were dropped from the record after

a visual inspection revealed inconsistencies with the rest of the data set.

Continuum and baseline subtraction for spectral line observations of Sgr B2(N) is non-trivial.

A cursory inspection of the DSB data reveals the spectra are likely confusion-limited, and virtually

no baseline is visible. For the purposes of the preliminary reduction presented here, a third-order

polynomial is fit to each spectrum and removed. This is discussed further below.

Finally, the spectra are deconvolved, allowing for intensity variations between sidebands. Because

of the broad linewidths present in Sgr B2(N), the resulting spectrum is then smoothed twice more

to a final resolution of 1.2 MHz (1.3 km/s at 275 GHz). This smoothed spectrum is presented in its

entirety in Figure 1, and in 500 MHz-wide increments in Figures 2 - 53. The unsmoothed data have

an RMS of ∼30 mK, while the smoothed data have an RMS of ∼15 mK.

A.5 Discussion

The preliminary reduction presented here is intended to serve as a “quick look” at the data. While

it is likely a fairly faithful representation of the SSB spectrum, the result of the deconvolution is not

unique, and interested users should exercise appropriate caution in its use. Here, we will discuss the

limitations of this preliminary reduction, and provide strategies for mitigating them. These should

also serve as a guide for those that wish to re-reduce the data themselves.

As discussed earlier, the robustness of the deconvolution relies heavily on having appropriate

frequency sampling in the rest- and image-frequency domains for each observed frequency. While

each frequency in the bulk of our observations have at least five settings, which should provide

sufficient sampling, the edges of the observations do not. In particular, care should be taken when

analyzing the first and last 1 GHz of data (i.e. 260 - 261 GHz and 285 - 286 GHz). While signals

appearing in these regions are real, their assignment to the appropriate sideband is questionable.
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To mitigate this, transitions from a molecule of interest should be identified in neighboring spectral

windows or, in the case of the 260 - 261 GHz data, in the Nummelin et al. (1998) survey data.

The use of a third-order polynomial fit to the data to remove baselines is certainly not ideal. While

simple and effective, this method suffers from sensitivity to large changes in the average intensity

within a scan, for instance, due to an abnormally strong line. Further, the average intensity will be

above the actual noise floor, with the result that the zero point of the intensity scale is somewhat

higher than the noise floor. A visual inspection of the data reveals this offset is likely between 0.1

and 0.2 mK, and thus, the absolute intensities of the lines are expected to vary by at least this much

(the relative intensities of the line peak to the surrounding baseline are likely much more robust).

Very bright lines can sometimes introduce ghosting artifacts into the SSB spectrum during de-

convolution. Given that the brightest observed intensity in this spectrum is only ∼3 K (at 266.838

GHz [likely CH3OH]), these ghosts are unlikely to be of any real concern; however, a meticulous

reduction would remove the strongest signals from the spectrum prior to deconvolution, then man-

ually stitch the signals back in afterwards. The trade-off is a slight increase in RMS noise in the

image band corresponding to the removed line, as less data were available at that frequency during

the deconvolution.

Finally, the resultant SSB spectrum was visually compared to the sum total of all DSB spectra. It

was during this process that several scans were identified as inconsistent. In general, these were cases

of 4 out of 5 settings at a particular frequency indicating the presence of a line in that sideband,

while the fifth did not. The most common cause of this is bad lock in the receiver frequencies.

While this visual inspection was thorough, due to the rough nature of this reduction, the interested

user should take care to check the DSB spectra themselves against any particularly weak molecular

signals. This is especially true for the identification of new molecular signals.

A more robust reduction and analysis is planned to follow in the coming months. Until then,

interested users are encouraged to use (and re-reduce) the existing dataset as they see fit. We ask

only that you cite our work as the data source, and please notify us by e-mail of any resulting

publications or presentations. Those wishing for further observational or data-related details should

contact the authors directly.

A.6 Spectra
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Figure A.2: Spectrum of Sgr B2(N) from 260.0 - 260.5 GHz
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Figure A.3: Spectrum of Sgr B2(N) from 260.5 - 261.0 GHz
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Figure A.4: Spectrum of Sgr B2(N) from 261.0 - 261.5 GHz
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Figure A.5: Spectrum of Sgr B2(N) from 261.5 - 262.0 GHz
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Figure A.6: Spectrum of Sgr B2(N) from 262.0 - 262.5 GHz
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Figure A.7: Spectrum of Sgr B2(N) from 262.5 - 263.0 GHz
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Figure A.8: Spectrum of Sgr B2(N) from 263.0 - 263.5 GHz
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Figure A.9: Spectrum of Sgr B2(N) from 263.5 - 264.0 GHz
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Figure A.10: Spectrum of Sgr B2(N) from 264.0 - 264.5 GHz
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Figure A.11: Spectrum of Sgr B2(N) from 264.5 - 265.0 GHz
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Figure A.12: Spectrum of Sgr B2(N) from 265.0 - 265.5 GHz
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Figure A.13: Spectrum of Sgr B2(N) from 265.5 - 266.0 GHz
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Figure A.14: Spectrum of Sgr B2(N) from 266.0 - 266.5 GHz
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Figure A.15: Spectrum of Sgr B2(N) from 266.5 - 267.0 GHz
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Figure A.16: Spectrum of Sgr B2(N) from 267.0 - 267.5 GHz
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Figure A.17: Spectrum of Sgr B2(N) from 267.5 - 268.0 GHz
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Figure A.18: Spectrum of Sgr B2(N) from 268.0 - 268.5 GHz
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Figure A.19: Spectrum of Sgr B2(N) from 268.5 - 269.0 GHz
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Figure A.20: Spectrum of Sgr B2(N) from 269.0 - 269.5 GHz
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Figure A.21: Spectrum of Sgr B2(N) from 269.5 - 270.0 GHz
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Figure A.22: Spectrum of Sgr B2(N) from 270.0 - 270.5 GHz
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Figure A.23: Spectrum of Sgr B2(N) from 270.5 - 271.0 GHz
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Figure A.24: Spectrum of Sgr B2(N) from 271.0 - 271.5 GHz
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Figure A.25: Spectrum of Sgr B2(N) from 271.5 - 272.0 GHz
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Figure A.26: Spectrum of Sgr B2(N) from 272.0 - 272.5 GHz
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Figure A.27: Spectrum of Sgr B2(N) from 272.5 - 273.0 GHz
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Figure A.28: Spectrum of Sgr B2(N) from 273.0 - 273.5 GHz

3

2

1

0

-1

T
A
* 

(K
)

274000273900273800273700273600273500

Frequency (MHz)

Figure A.29: Spectrum of Sgr B2(N) from 273.5 - 274.0 GHz
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Figure A.30: Spectrum of Sgr B2(N) from 274.0 - 274.5 GHz
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Figure A.31: Spectrum of Sgr B2(N) from 274.5 - 275.0 GHz
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Figure A.32: Spectrum of Sgr B2(N) from 275.0 - 275.5 GHz
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Figure A.33: Spectrum of Sgr B2(N) from 275.5 - 276.0 GHz
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Figure A.34: Spectrum of Sgr B2(N) from 276.0 - 276.5 GHz
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Figure A.35: Spectrum of Sgr B2(N) from 276.5 - 277.0 GHz
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Figure A.36: Spectrum of Sgr B2(N) from 277.0 - 277.5 GHz
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Figure A.37: Spectrum of Sgr B2(N) from 277.5 - 278.0 GHz
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Figure A.38: Spectrum of Sgr B2(N) from 278.0 - 278.5 GHz
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Figure A.39: Spectrum of Sgr B2(N) from 278.5 - 279.0 GHz
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Figure A.40: Spectrum of Sgr B2(N) from 279.0 - 279.5 GHz
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Figure A.41: Spectrum of Sgr B2(N) from 279.5 - 280.0 GHz
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Figure A.42: Spectrum of Sgr B2(N) from 280.0 - 280.5 GHz
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Figure A.43: Spectrum of Sgr B2(N) from 280.5 - 281.0 GHz
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Figure A.44: Spectrum of Sgr B2(N) from 281.0 - 281.5 GHz
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Figure A.45: Spectrum of Sgr B2(N) from 281.5 - 282.0 GHz
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Figure A.46: Spectrum of Sgr B2(N) from 282.0 - 282.5 GHz
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Figure A.47: Spectrum of Sgr B2(N) from 282.5 - 283.0 GHz
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Figure A.48: Spectrum of Sgr B2(N) from 283.0 - 283.5 GHz
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Figure A.49: Spectrum of Sgr B2(N) from 283.5 - 284.0 GHz
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Figure A.50: Spectrum of Sgr B2(N) from 284.0 - 284.5 GHz
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Figure A.51: Spectrum of Sgr B2(N) from 284.5 - 285.0 GHz
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Figure A.52: Spectrum of Sgr B2(N) from 285.0 - 285.5 GHz
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Figure A.53: Spectrum of Sgr B2(N) from 285.5 - 286.0 GHz
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A.7 Deconvolution Routine

file in sgrb2n.dat

$rm sgrb2n.sm

file out sgrb2n.sm multiple

set tele "CSO FFTS 1W"

find

for i 1 to found

get n

smooth

write

next

set tele "CSO FFTS 2B1"

find

for i 1 to found

get n

write

next

set tele "CSO FFTS 2B2"

find

for i 1 to found

get n

write

next

set tele

set mode x t

set mode y t

file in sgrb2n.sm

$rm sgrb2n.rs

file out sgrb2n.rs multiple

set u c

set var spec write

find

for i 1 to found

get n

a\resam ’nchan/0.3*fres’ ’rchan/0.3*fres’ int(frequency) 0.3 f /nofft

write

next

set tele

set mode x t

set mode y t

file in sgrb2n.rs



169

$rm sgrb2n.cln

file out sgrb2n.cln multiple

set u c

set tele "CSO FFTS 1W"

find

for i 1 to found

get n

write

next

set tele "CSO FFTS 2B1"

find

for i 1 to found

get n

for j 3666 to 3670

draw k j

next

for j 5499 to 5503

draw k j

next

for j 1832 to 1837

draw k j

next

write

next

set tele "CSO FFTS 2B2"

find

for i 1 to found

get n

for j 3666 to 3670

draw k j

next

for j 5499 to 5503

draw k j

next

for j 1832 to 1837

draw k j

next

for j 5330 to 5337

draw k j

next

write

next

set tele

set mode x t

set mode y t

file in sgrb2n.cln
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$rm sgrb2n.bas

file out sgrb2n.bas multiple

find

drop 4211

drop 4206

drop 4242

drop 4060

drop 4229

drop 4150

for i 1 to found

get n

set win 0 1

base 3

write

next

set tele

set mode x t

set mode y t

$rm sgrb2n.dec

$rm sgrb2n.igor

file in sgrb2n.bas

file out sgrb2n.dec multiple

set unit f f

set mode x t

set blanking -1000 0.1

find

initialize

set var spec read

deconv 1.e-6 400

write 1

smooth

smooth

write 2

file in sgrb2n.dec

find

get 1

plot

let ry 0 /where ry.eq.(-1000)

greg sgrb2n.txt /formatted

get 2

plot

let ry 0 /where ry.eq.(-1000)

greg sgrb2n.sm.txt /formatted
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Appendix B

Spectral Line Catalog for C3H
–

Through 2 THz

Begin header information, taken from catdoc.pdf available at spec.jpl.nasa.gov

The catalog line files are composed of 80-character lines, with one line entry per

spectral line. The format of each line is:

FREQ, ERR, LGINT, DR, ELO, GUP, TAG, QNFMT, QN’, QN’’

(F13.4, F8.4, F8.4, I2, F10.4, I3, I7, I4, 6I2, 6I2)

FREQ: Frequency of the line in MHz.

ERR: Estimated or experimental error of FREQ in MHz.

LGINT: Base 10 logarithm of the integrated intensity in units of nm2MHz at 300 K.

(See Section 3 of catdoc.pdf for conversions to other units.)

DR: Degrees of freedom in the rotational partition function

(0 for atoms, 2 for linear molecules, and 3 for nonlinear molecules).

ELO: Lower state energy in cm?1 relative to the lowest energy

spinrotation level in ground vibronic state.

GUP: Upper state degeneracy.

TAG: Species tag or molecular identifier. A negative value flags that the line

frequency has been measured in the laboratory. The absolute value of TAG is then

the species tag and ERR is the reported experimental error. The three most significant

digits of the species tag are coded as the mass number of the species,

as explained in Section 1 of catdoc.pdf.

QNFMT: Identifies the format of the quantum numbers given in the field QN.

These quantum number formats are given in Section 5 and are different from

those in the first two editions of the catalog.

QN’: Quantum numbers for the upper state coded according to QNFMT.

QN’’: Quantum numbers for the lower state.

End header information. If necessary, delete this section before use.

51.3968 84.9376-10.9985 3 118.4808 23 60006 30311 2 9 11 210

71.9643118.9203-10.7612 3 127.4795 25 60006 30312 210 12 211

98.1461162.1748-10.5456 3 137.2279 27 60006 30313 211 13 212

130.8798216.2477-10.3486 3 147.7258 29 60006 30314 212 14 213

171.1757282.8046-10.1679 3 158.9734 31 60006 30315 213 15 214

220.1172363.6303-10.0017 3 170.9704 33 60006 30316 214 16 215

220.8136185.3591 -9.1902 3 18.0141 3 60006 303 1 1 0 1 1 1

278.8602460.6286 -9.8484 3 183.7169 35 60006 30317 215 17 216

348.6338575.8220 -9.7067 3 197.2128 37 60006 30318 216 18 217

430.7401711.3517 -9.5756 3 211.4579 39 60006 30319 217 19 218
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526.5542869.4771 -9.4541 3 226.4522 41 60006 30320 218 20 219

662.4463556.0773 -8.4944 3 19.5070 5 60006 303 2 1 1 2 1 2

1324.9087999.9999 -8.0519 3 21.7464 7 60006 303 3 1 2 3 1 3

2208.2169999.9999 -7.7271 3 24.7321 9 60006 303 4 1 3 4 1 4

3312.3922999.9999 -7.4717 3 28.4643 11 60006 303 5 1 4 5 1 5

4637.4613999.9999 -7.2623 3 32.9428 13 60006 303 6 1 5 6 1 6

6183.4559999.9999 -7.0862 3 38.1678 15 60006 303 7 1 6 7 1 7

7950.4128999.9999 -6.9351 3 44.1390 17 60006 303 8 1 7 8 1 8

9938.3737999.9999 -6.8039 3 50.8565 19 60006 303 9 1 8 9 1 9

12147.3852999.9999 -6.6889 3 58.3203 21 60006 30310 1 9 10 110

14577.4987999.9999 -6.5874 3 66.5303 23 60006 30311 110 11 111

17228.7699999.9999 -6.4973 3 75.4865 25 60006 30312 111 12 112

20101.2591999.9999 -6.4172 3 85.1887 27 60006 30313 112 13 113

22489.8427 0.0055 -5.3136 3 0.0000 3 60006 303 1 0 1 0 0 0

23195.0307999.9999 -6.3458 3 95.6370 29 60006 30314 113 14 114

26510.1531999.9999 -6.2823 3 106.8313 31 60006 30315 114 15 115

30046.6986999.9999 -6.2257 3 118.7716 33 60006 30316 115 16 116

33804.7431999.9999 -6.1755 3 131.4577 35 60006 30317 116 17 117

37784.3655999.9999 -6.1311 3 144.8895 37 60006 30318 117 18 118

41985.6481999.9999 -6.0921 3 159.0671 39 60006 30319 118 19 119

44755.9371185.2407 -4.5781 3 18.0141 5 60006 303 2 1 2 1 1 1

44979.5035 0.0105 -4.4129 3 0.7502 5 60006 303 2 0 2 1 0 1

45197.5697185.4775 -4.5696 3 18.0215 5 60006 303 2 1 1 1 1 0

46408.6759999.9999 -6.0580 3 173.9903 41 60006 30320 119 20 120

47176.5733999.9999 -4.1367 3 157.4935 39 60006 30319 119 20 020

67133.5767277.6384 -3.9799 3 19.5070 7 60006 303 3 1 3 2 1 2

67451.9244 0.4749 -4.2877 3 71.2343 7 60006 303 3 2 2 2 2 1

67452.2118 0.9498 -4.2877 3 71.2343 7 60006 303 3 2 1 2 2 0

67468.8003 0.0148 -3.8885 3 2.2505 7 60006 303 3 0 3 2 0 2

67796.0391278.4389 -3.9715 3 19.5291 7 60006 303 3 1 2 2 1 1

71698.4087999.9999 -3.7672 3 142.4979 37 60006 30318 118 19 019

89510.8216369.7688 -3.5874 3 21.7464 9 60006 303 4 1 4 3 1 3

89905.7714 1.4255 -4.2013 3 159.3937 9 60006 303 4 3 2 3 3 1

89905.7715 1.4257 -4.2013 3 159.3937 9 60006 303 4 3 1 3 3 0

89935.3236 1.0946 -3.7880 3 73.4843 9 60006 303 4 2 3 3 2 2

89936.0421 2.2820 -3.7880 3 73.4843 9 60006 303 4 2 2 3 2 1

89957.5512 0.0179 -3.5192 3 4.5011 9 60006 303 4 0 4 3 0 3

90394.1298371.6674 -3.5790 3 21.7906 9 60006 303 4 1 3 3 1 2

96120.5875999.9999 -3.5094 3 128.2514 35 60006 30317 117 18 018

111887.5404461.5429 -3.2934 3 24.7321 11 60006 303 5 1 5 4 1 4

112326.5868 2.6410 -4.2520 3 282.0839 11 60006 303 5 4 1 4 4 0

112326.5868 2.6410 -4.2520 3 282.0839 11 60006 303 5 4 2 4 4 1

112381.4510 2.7832 -3.7524 3 162.3927 11 60006 303 5 3 3 4 3 2

112381.4513 2.7840 -3.7524 3 162.3927 11 60006 303 5 3 2 4 3 1

112418.2295 2.1098 -3.4551 3 76.4842 11 60006 303 5 2 4 4 2 3

112419.6665 4.4849 -3.4551 3 76.4842 11 60006 303 5 2 3 4 2 2

112445.5741 0.0200 -3.2355 3 7.5017 11 60006 303 5 0 5 4 0 4

112991.7157465.2518 -3.2851 3 24.8058 11 60006 303 5 1 4 4 1 3

120442.0065999.9999 -3.3134 3 114.7541 33 60006 30316 116 17 017

134263.6014552.8714 -3.0589 3 28.4643 13 60006 303 6 1 6 5 1 5

134700.5944 4.4579 -4.4134 3 438.7579 13 60006 303 6 5 1 5 5 0

134700.5944 4.4579 -4.4134 3 438.7579 13 60006 303 6 5 2 5 5 1

134790.7455 4.5622 -3.8346 3 285.8307 13 60006 303 6 4 2 5 4 1

134790.7455 4.5622 -3.8346 3 285.8307 13 60006 303 6 4 3 5 4 2
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134856.6218 4.8083 -3.4546 3 166.1413 13 60006 303 6 3 4 5 3 3

134856.6226 4.8104 -3.4546 3 166.1413 13 60006 303 6 3 3 5 3 2

134900.5187 3.6195 -3.2016 3 80.2341 13 60006 303 6 2 5 5 2 4

134903.0336 7.7763 -3.2016 3 80.2342 13 60006 303 6 2 4 5 2 3

134932.6871 0.0219 -3.0066 3 11.2525 13 60006 303 6 0 6 5 0 5

135588.6706559.2811 -3.0507 3 28.5748 13 60006 303 6 1 5 5 1 4

144661.6148999.9999 -3.1574 3 102.0060 31 60006 30315 115 16 016

156638.8733643.6651 -2.8649 3 32.9428 15 60006 303 7 1 7 6 1 6

157010.6364 6.9912 -4.6712 3 628.7638 15 60006 303 7 6 1 6 6 0

157010.6364 6.9912 -4.6712 3 628.7638 15 60006 303 7 6 2 6 6 1

157149.0799 7.0766 -4.0178 3 443.2510 15 60006 303 7 5 2 6 5 1

157149.0799 7.0766 -4.0178 3 443.2510 15 60006 303 7 5 3 6 5 2

157254.2724 7.2432 -3.5604 3 290.3269 15 60006 303 7 4 3 6 4 2

157254.2724 7.2432 -3.5604 3 290.3269 15 60006 303 7 4 4 6 4 3

157331.1819 7.6342 -3.2271 3 170.6396 15 60006 303 7 3 5 6 3 4

157331.1838 7.6389 -3.2271 3 170.6396 15 60006 303 7 3 4 6 3 3

157382.0679 5.7224 -2.9967 3 84.7339 15 60006 303 7 2 6 6 2 5

157386.0922 12.3738 -2.9967 3 84.7340 15 60006 303 7 2 5 6 2 4

157418.7080 0.0255 -2.8159 3 15.7534 15 60006 303 7 0 7 6 0 6

158184.8679653.8440 -2.8568 3 33.0975 15 60006 303 7 1 6 6 1 5

168778.4138999.9999 -3.0301 3 90.0072 29 60006 30314 114 15 015

179013.2247733.8345 -2.7005 3 38.1678 17 60006 303 8 1 8 7 1 7

179235.5351 10.3585 -5.0165 3 851.3828 17 60006 303 8 7 1 7 7 0

179235.5351 10.3585 -5.0165 3 851.3828 17 60006 303 8 7 2 7 7 1

179438.5982 10.4325 -4.2917 3 634.0011 17 60006 303 8 6 2 7 6 1

179438.5982 10.4325 -4.2917 3 634.0011 17 60006 303 8 6 3 7 6 2

179596.8208 10.5611 -3.7606 3 448.4930 17 60006 303 8 5 3 7 5 2

179596.8208 10.5611 -3.7606 3 448.4930 17 60006 303 8 5 4 7 5 3

179717.0621 10.8108 -3.3513 3 295.5723 17 60006 303 8 4 4 7 4 3

179717.0621 10.8108 -3.3513 3 295.5723 17 60006 303 8 4 5 7 4 4

179805.0295 11.3941 -3.0425 3 175.8876 17 60006 303 8 3 6 7 3 5

179805.0333 11.4033 -3.0425 3 175.8876 17 60006 303 8 3 5 7 3 4

179862.7538 8.5176 -2.8255 3 89.9836 17 60006 303 8 2 7 7 2 6

179868.7909 18.4953 -2.8255 3 89.9839 17 60006 303 8 2 6 7 2 5

179903.4547 0.0334 -2.6536 3 21.0043 17 60006 303 8 0 8 7 0 7

180780.1816749.0291 -2.6925 3 38.3740 17 60006 303 8 1 7 7 1 6

192791.4567999.9999 -2.9249 3 78.7579 27 60006 30313 113 14 014

201349.3188 14.6781 -5.4431 3 1105.8770 19 60006 303 9 8 1 8 8 0

201349.3188 14.6781 -5.4431 3 1105.8770 19 60006 303 9 8 2 8 8 1

201386.5241823.2903 -2.5588 3 44.1390 19 60006 303 9 1 9 8 1 8

201637.2742 14.7444 -4.6495 3 857.3615 19 60006 303 9 7 2 8 7 1

201637.2742 14.7444 -4.6495 3 857.3615 19 60006 303 9 7 3 8 7 2

201865.7084 14.8509 -4.0477 3 639.9865 19 60006 303 9 6 3 8 6 2

201865.7084 14.8509 -4.0477 3 639.9865 19 60006 303 9 6 4 8 6 3

202043.7106 15.0350 -3.5656 3 454.4837 19 60006 303 9 5 4 8 5 3

202043.7106 15.0350 -3.5656 3 454.4837 19 60006 303 9 5 5 8 5 4

202179.0095 15.3914 -3.1818 3 301.5670 19 60006 303 9 4 5 8 4 4

202179.0095 15.3914 -3.1818 3 301.5670 19 60006 303 9 4 6 8 4 5

202278.0628 16.2209 -2.8877 3 181.8853 19 60006 303 9 3 7 8 3 6

202278.0698 16.2378 -2.8877 3 181.8853 19 60006 303 9 3 6 8 3 5

202342.4530 12.1037 -2.6793 3 95.9831 19 60006 303 9 2 8 8 2 7

202351.0785 26.3586 -2.6793 3 95.9837 19 60006 303 9 2 7 8 2 6

202386.7450 0.0472 -2.5135 3 27.0052 19 60006 303 9 0 9 8 0 8

203374.4850844.9248 -2.5509 3 44.4042 19 60006 303 9 1 8 8 1 7
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216699.8488999.9999 -2.8377 3 68.2581 25 60006 30312 112 13 013

223320.4480 20.0686 -5.9463 3 1391.5437 21 60006 30310 9 1 9 9 0

223320.4480 20.0686 -5.9463 3 1391.5437 21 60006 30310 9 2 9 9 1

223718.1349 20.1293 -5.0862 3 1112.5932 21 60006 30310 8 2 9 8 1

223718.1349 20.1293 -5.0862 3 1112.5932 21 60006 30310 8 3 9 8 2

223758.6402911.9427 -2.4353 3 50.8565 21 60006 30310 110 9 1 9

224038.0595 20.2213 -4.4161 3 864.0874 21 60006 30310 7 3 9 7 2

224038.0595 20.2213 -4.4161 3 864.0874 21 60006 30310 7 4 9 7 3

224291.8606 20.3684 -3.8638 3 646.7200 21 60006 30310 6 4 9 6 3

224291.8606 20.3684 -3.8638 3 646.7200 21 60006 30310 6 5 9 6 4

224489.6432 20.6220 -3.4078 3 461.2231 21 60006 30310 5 5 9 5 4

224489.6432 20.6220 -3.4078 3 461.2231 21 60006 30310 5 6 9 5 5

224640.0091 21.1119 -3.0395 3 308.3110 21 60006 30310 4 6 9 4 5

224640.0091 21.1119 -3.0395 3 308.3110 21 60006 30310 4 7 9 4 6

224750.1798 22.2477 -2.7551 3 188.6326 21 60006 30310 3 8 9 3 7

224750.1918 22.2767 -2.7551 3 188.6326 21 60006 30310 3 7 9 3 6

224821.0421 16.5797 -2.5526 3 102.7326 21 60006 30310 2 9 9 2 8

224832.9041 36.1817 -2.5526 3 102.7334 21 60006 30310 2 8 9 2 7

224868.3966 0.0675 -2.3911 3 33.7561 21 60006 30310 010 9 0 9

225967.6517941.6194 -2.4275 3 51.1880 21 60006 30310 1 9 9 1 8

240502.7470999.9999 -2.7661 3 58.5080 23 60006 30311 111 12 012

245111.0419 26.6484 -6.5228 3 1707.7808 23 60006 3031110 1 1010 0

245111.0419 26.6484 -6.5228 3 1707.7808 23 60006 3031110 2 1010 1

245648.4856 26.7052 -5.5979 3 1398.9929 23 60006 30311 9 2 10 9 1

245648.4856 26.7052 -5.5979 3 1398.9929 23 60006 30311 9 3 10 9 2

246085.8995 26.7869 -4.8616 3 1120.0557 23 60006 30311 8 3 10 8 2

246085.8995 26.7869 -4.8616 3 1120.0557 23 60006 30311 8 4 10 8 3

246129.4418999.7020 -2.3267 3 58.3203 23 60006 30311 111 10 110

246437.7852 26.9104 -4.2413 3 871.5605 23 60006 30311 7 4 10 7 3

246437.7852 26.9104 -4.2413 3 871.5605 23 60006 30311 7 5 10 7 4

246716.9486 27.1073 -3.7155 3 654.2016 23 60006 30311 6 5 10 6 4

246716.9486 27.1073 -3.7155 3 654.2016 23 60006 30311 6 6 10 6 5

246934.5122 27.4459 -3.2756 3 468.7113 23 60006 30311 5 6 10 5 5

246934.5122 27.4459 -3.2756 3 468.7113 23 60006 30311 5 7 10 5 6

247099.9560 28.0989 -2.9176 3 315.8042 23 60006 30311 4 7 10 4 6

247099.9560 28.0989 -2.9176 3 315.8042 23 60006 30311 4 8 10 4 7

247221.2786 29.6073 -2.6399 3 196.1294 23 60006 30311 3 9 10 3 8

247221.2982 29.6544 -2.6399 3 196.1294 23 60006 30311 3 8 10 3 7

247298.3980 22.0443 -2.4417 3 110.2318 23 60006 30311 210 10 2 9

247314.2165 48.1824 -2.4417 3 110.2330 23 60006 30311 2 9 10 2 8

247348.2272 0.0945 -2.2833 3 41.2569 23 60006 30311 011 10 010

248559.5552999.9999 -2.3191 3 58.7255 23 60006 30311 110 10 1 9

264199.3597999.9999 -2.7086 3 49.5076 21 60006 30310 110 11 011

266676.1047 34.5361 -7.1700 3 2054.1582 25 60006 3031211 1 1111 0

266676.1047 34.5361 -7.1700 3 2054.1582 25 60006 3031211 2 1111 1

267389.1364 34.5902 -6.1816 3 1715.9568 25 60006 3031210 2 1110 1

267389.1364 34.5902 -6.1816 3 1715.9568 25 60006 3031210 3 1110 2

267975.3785 34.6646 -5.3807 3 1407.1869 25 60006 30312 9 3 11 9 2

267975.3785 34.6646 -5.3807 3 1407.1869 25 60006 30312 9 4 11 9 3

268452.5074 34.7716 -4.6945 3 1128.2642 25 60006 30312 8 4 11 8 3

268452.5074 34.7716 -4.6945 3 1128.2642 25 60006 30312 8 5 11 8 4

268498.7977999.9999 -2.2306 3 66.5303 25 60006 30312 112 11 111

268836.3453 34.9329 -4.1011 3 879.7808 25 60006 30312 7 5 11 7 4

268836.3453 34.9329 -4.1011 3 879.7808 25 60006 30312 7 6 11 7 5
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269140.8659 35.1896 -3.5917 3 662.4312 25 60006 30312 6 6 11 6 5

269140.8659 35.1896 -3.5917 3 662.4312 25 60006 30312 6 7 11 6 6

269378.2114 35.6303 -3.1625 3 476.9482 25 60006 30312 5 7 11 5 6

269378.2114 35.6303 -3.1625 3 476.9482 25 60006 30312 5 8 11 5 7

269558.7449 36.4791 -2.8118 3 324.0465 25 60006 30312 4 8 11 4 7

269558.7449 36.4790 -2.8118 3 324.0465 25 60006 30312 4 9 11 4 8

269691.2574 38.4322 -2.5390 3 204.3758 25 60006 30312 310 11 3 9

269691.2878 38.5056 -2.5390 3 204.3758 25 60006 30312 3 9 11 3 8

269774.3972 28.5963 -2.3440 3 118.4808 25 60006 30312 211 11 210

269794.9648 62.5788 -2.3439 3 118.4825 25 60006 30312 210 11 2 9

269826.0545 0.1287 -2.1879 3 49.5076 25 60006 30312 012 11 011

271150.0689999.9999 -2.2232 3 67.0166 25 60006 30312 111 11 110

287788.9467999.9999 -2.6642 3 41.2569 19 60006 303 9 1 9 10 010

287962.7528 43.8501 -7.8865 3 2430.4997 27 60006 3031312 1 1212 0

287962.7528 43.8501 -7.8865 3 2430.4997 27 60006 3031312 2 1212 1

288893.6287 43.9028 -6.8351 3 2063.0536 27 60006 3031311 2 1211 1

288893.6287 43.9028 -6.8351 3 2063.0536 27 60006 3031311 3 1211 2

289665.9980 43.9718 -5.9708 3 1724.8760 27 60006 3031310 3 1210 2

289665.9980 43.9718 -5.9708 3 1724.8760 27 60006 3031310 4 1210 3

290301.0227 44.0670 -5.2202 3 1416.1256 27 60006 30313 9 4 12 9 3

290301.0227 44.0670 -5.2202 3 1416.1256 27 60006 30313 9 5 12 9 4

290817.8538 44.2041 -4.5610 3 1137.2188 27 60006 30313 8 5 12 8 4

290817.8538 44.2041 -4.5610 3 1137.2188 27 60006 30313 8 6 12 8 5

290866.5768999.9999 -2.1454 3 75.4865 27 60006 30313 113 12 112

291233.6341 44.4102 -3.9843 3 888.7482 27 60006 30313 7 6 12 7 5

291233.6341 44.4102 -3.9843 3 888.7482 27 60006 30313 7 7 12 7 6

291563.5064 44.7376 -3.4860 3 671.4087 27 60006 30313 6 7 12 6 6

291563.5064 44.7376 -3.4860 3 671.4087 27 60006 30313 6 8 12 6 7

291820.6347 45.2989 -3.0644 3 485.9336 27 60006 30313 5 8 12 5 7

291820.6347 45.2989 -3.0644 3 485.9336 27 60006 30313 5 9 12 5 8

292016.2706 46.3790 -2.7190 3 333.0380 27 60006 30313 410 12 4 9

292016.2707 46.3791 -2.7190 3 333.0380 27 60006 30313 4 9 12 4 8

292160.0139 48.8550 -2.4499 3 213.3718 27 60006 30313 311 12 310

292160.0596 48.9650 -2.4499 3 213.3718 27 60006 30313 310 12 3 9

292248.9165 36.3344 -2.2574 3 127.4795 27 60006 30313 212 12 211

292275.0982 79.5887 -2.2573 3 127.4819 27 60006 30313 211 12 210

292301.6959 0.1705 -2.1032 3 58.5080 27 60006 30313 013 12 012

293739.0660999.9999 -2.1381 3 76.0611 27 60006 30313 112 12 111

308909.4404 54.7088 -8.6716 3 2836.9723 29 60006 3031413 1 1313 0

308909.4404 54.7088 -8.6716 3 2836.9723 29 60006 3031413 2 1313 1

310107.4618 54.7613 -7.5570 3 2440.1051 29 60006 3031412 2 1312 1

310107.4618 54.7613 -7.5570 3 2440.1051 29 60006 3031412 3 1312 2

311109.8368 54.8268 -6.6299 3 2072.6900 29 60006 3031411 3 1311 2

311109.8368 54.8268 -6.6299 3 2072.6900 29 60006 3031411 4 1311 3

311270.8193999.9999 -2.6330 3 33.7561 17 60006 303 8 1 8 9 0 9

311941.5240 54.9133 -5.8161 3 1734.5382 29 60006 3031410 4 1310 3

311941.5240 54.9133 -5.8161 3 1734.5382 29 60006 3031410 5 1310 4

312625.3144 55.0328 -5.0928 3 1425.8090 29 60006 30314 9 5 13 9 4

312625.3144 55.0328 -5.0928 3 1425.8090 29 60006 30314 9 6 13 9 5

313181.8335 55.2048 -4.4505 3 1146.9195 29 60006 30314 8 6 13 8 5

313181.8335 55.2048 -4.4505 3 1146.9195 29 60006 30314 8 7 13 8 6

313232.6481999.9999 -2.0695 3 85.1887 29 60006 30314 114 13 113

313629.5456 55.4633 -3.8850 3 898.4627 29 60006 30314 7 7 13 7 6

313629.5456 55.4633 -3.8850 3 898.4627 29 60006 30314 7 8 13 7 7



177

313984.7637 55.8733 -3.3946 3 681.1343 29 60006 30314 6 8 13 6 7

313984.7637 55.8733 -3.3946 3 681.1343 29 60006 30314 6 9 13 6 8

314261.6757 56.5755 -2.9786 3 495.6677 29 60006 30314 5 9 13 5 8

314261.6757 56.5755 -2.9786 3 495.6677 29 60006 30314 510 13 5 9

314472.4282 57.9257 -2.6373 3 342.7787 29 60006 30314 410 13 4 9

314472.4282 57.9255 -2.6373 3 342.7787 29 60006 30314 411 13 410

314627.4463 61.0078 -2.3711 3 223.1172 29 60006 30314 312 13 311

314627.5127 61.1679 -2.3711 3 223.1172 29 60006 30314 311 13 310

314721.8325 45.3574 -2.1805 3 137.2279 29 60006 30314 213 13 212

314754.5661 99.4300 -2.1804 3 137.2311 29 60006 30314 212 13 211

314774.9689 0.2204 -2.0278 3 68.2581 29 60006 30314 014 13 013

316326.4197999.9999 -2.0624 3 85.8592 29 60006 30314 113 13 112

329445.1870 67.2302 -9.5260 3 3274.1845 31 60006 3031514 1 1414 0

329445.1870 67.2302 -9.5260 3 3274.1845 31 60006 3031514 2 1414 1

330967.3189 67.2840 -8.3470 3 2847.2764 31 60006 3031513 2 1413 1

330967.3189 67.2840 -8.3470 3 2847.2764 31 60006 3031513 3 1413 2

332250.7775 67.3476 -7.3569 3 2450.4491 31 60006 3031512 3 1412 2

332250.7775 67.3476 -7.3569 3 2450.4491 31 60006 3031512 4 1412 3

333324.6279 67.4278 -6.4804 3 2083.0675 31 60006 3031511 4 1411 3

333324.6279 67.4278 -6.4804 3 2083.0675 31 60006 3031511 5 1411 4

334215.6120 67.5345 -5.6940 3 1744.9434 31 60006 3031510 5 1410 4

334215.6120 67.5345 -5.6940 3 1744.9434 31 60006 3031510 6 1410 5

334644.3396999.9999 -2.6153 3 27.0052 15 60006 303 7 1 7 8 0 8

334948.1497 67.6822 -4.9876 3 1436.2370 31 60006 30315 9 6 14 9 5

334948.1497 67.6822 -4.9876 3 1436.2370 31 60006 30315 9 7 14 9 6

335544.3417 67.8946 -4.3568 3 1157.3661 31 60006 30315 8 7 14 8 6

335544.3417 67.8946 -4.3568 3 1157.3661 31 60006 30315 8 8 14 8 7

335596.8806999.9999 -2.0018 3 95.6370 31 60006 30315 115 14 114

336023.9742 68.2136 -3.7994 3 908.9243 31 60006 30315 7 8 14 7 7

336023.9742 68.2136 -3.7994 3 908.9243 31 60006 30315 7 9 14 7 8

336404.5316 68.7190 -3.3149 3 691.6077 31 60006 30315 6 9 14 6 8

336404.5316 68.7190 -3.3149 3 691.6077 31 60006 30315 610 14 6 9

336701.2284 69.5837 -2.9033 3 506.1504 31 60006 30315 510 14 5 9

336701.2284 69.5837 -2.9033 3 506.1504 31 60006 30315 511 14 510

336927.1125 71.2452 -2.5651 3 353.2683 31 60006 30315 412 14 411

336927.1126 71.2455 -2.5651 3 353.2683 31 60006 30315 411 14 410

337093.4524 75.0227 -2.3012 3 233.6120 31 60006 30315 313 14 312

337093.5465 75.2496 -2.3012 3 233.6120 31 60006 30315 312 14 311

337193.0218 55.7640 -2.1121 3 147.7258 31 60006 30315 214 14 213

337233.3178122.3206 -2.1120 3 147.7302 31 60006 30315 213 14 212

337245.6911 0.2790 -1.9605 3 78.7579 31 60006 30315 015 14 014

338912.0031999.9999 -1.9950 3 96.4107 31 60006 30315 114 14 113

349488.8035 81.5323-10.4515 3 3743.2933 33 60006 3031615 1 1515 0

349488.8035 81.5323-10.4515 3 3743.2933 33 60006 3031615 2 1515 1

351400.2944 81.5890 -9.2058 3 3285.1736 33 60006 3031614 2 1514 1

351400.2944 81.5890 -9.2058 3 3285.1736 33 60006 3031614 3 1514 2

353023.7329 81.6524 -8.1515 3 2858.3162 33 60006 3031613 3 1513 2

353023.7329 81.6524 -8.1515 3 2858.3162 33 60006 3031613 4 1513 3

354392.6006 81.7287 -7.2120 3 2461.5318 33 60006 3031612 4 1512 3

354392.6006 81.7287 -7.2120 3 2461.5318 33 60006 3031612 5 1512 4

355537.9009 81.8258 -6.3630 3 2094.1860 33 60006 3031611 5 1511 4

355537.9009 81.8258 -6.3630 3 2094.1860 33 60006 3031611 6 1511 5

356488.1592 81.9555 -5.5937 3 1756.0917 33 60006 3031610 6 1510 5

356488.1592 81.9555 -5.5937 3 1756.0917 33 60006 3031610 7 1510 6
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357269.4248 82.1354 -4.8990 3 1447.4097 33 60006 30316 9 7 15 9 6

357269.4248 82.1354 -4.8990 3 1447.4097 33 60006 30316 9 8 15 9 7

357905.2734 82.3941 -4.2764 3 1168.5586 33 60006 30316 8 8 15 8 7

357905.2734 82.3941 -4.2764 3 1168.5586 33 60006 30316 8 9 15 8 8

357908.9210999.9999 -2.6125 3 21.0043 13 60006 303 6 1 6 7 0 7

357959.1436999.9999 -1.9416 3 106.8313 33 60006 30316 116 15 115

358416.8141 82.7822 -3.7251 3 920.1328 33 60006 30316 7 9 15 7 8

358416.8141 82.7822 -3.7251 3 920.1328 33 60006 30316 710 15 7 9

358822.7039 83.3967 -3.2450 3 702.8289 33 60006 30316 610 15 6 9

358822.7039 83.3967 -3.2450 3 702.8289 33 60006 30316 611 15 610

359139.1867 84.4472 -2.8368 3 517.3815 33 60006 30316 511 15 510

359139.1867 84.4472 -2.8368 3 517.3815 33 60006 30316 512 15 511

359380.2185 86.4649 -2.5013 3 364.5070 33 60006 30316 413 15 412

359380.2187 86.4653 -2.5013 3 364.5070 33 60006 30316 412 15 411

359557.9300 91.0315 -2.2391 3 244.8562 33 60006 30316 314 15 313

359558.0604 91.3457 -2.2391 3 244.8562 33 60006 30316 313 15 312

359662.3614 67.6529 -2.0513 3 158.9734 33 60006 30316 215 15 214

359711.3028148.4782 -2.0512 3 158.9791 33 60006 30316 214 15 213

359713.6796 0.3470 -1.9007 3 90.0072 33 60006 30316 016 15 015

361495.6891999.9999 -1.9350 3 107.7156 33 60006 30316 115 15 114

371323.1202 97.7943-10.1354 3 3754.9510 35 60006 3031715 2 1615 1

371323.1202 97.7943-10.1354 3 3754.9510 35 60006 3031715 3 1615 2

373353.8726 97.8595 -9.0144 3 3296.8951 35 60006 3031714 3 1614 2

373353.8726 97.8595 -9.0144 3 3296.8951 35 60006 3031714 4 1614 3

375078.5849 97.9337 -8.0108 3 2870.0919 35 60006 3031713 4 1613 3

375078.5849 97.9337 -8.0108 3 2870.0919 35 60006 3031713 5 1613 4

376532.8318 98.0242 -7.0989 3 2473.3531 35 60006 3031712 5 1612 4

376532.8318 98.0242 -7.0989 3 2473.3531 35 60006 3031712 6 1612 5

377749.5549 98.1404 -6.2672 3 2106.0455 35 60006 3031711 6 1611 5

377749.5549 98.1404 -6.2672 3 2106.0455 35 60006 3031711 7 1611 6

378759.0633 98.2962 -5.5096 3 1767.9828 35 60006 3031710 7 1610 6

378759.0633 98.2962 -5.5096 3 1767.9828 35 60006 3031710 8 1610 7

379589.0357 98.5126 -4.8233 3 1459.3269 35 60006 30317 9 8 16 9 7

379589.0357 98.5126 -4.8233 3 1459.3269 35 60006 30317 9 9 16 9 8

380264.5237 98.8239 -4.2069 3 1180.4971 35 60006 30317 8 9 16 8 8

380264.5237 98.8239 -4.2069 3 1180.4971 35 60006 30317 810 16 8 9

380319.3062999.9999 -1.8881 3 118.7716 35 60006 30317 117 16 116

380807.9597 99.2905 -3.6602 3 932.0883 35 60006 30317 710 16 7 9

380807.9597 99.2905 -3.6602 3 932.0883 35 60006 30317 711 16 710

381064.0275999.9999 -2.6275 3 15.7534 11 60006 303 5 1 5 6 0 6

381239.1744100.0287 -3.1837 3 714.7979 35 60006 30317 611 16 610

381239.1744100.0287 -3.1837 3 714.7979 35 60006 30317 612 16 611

381575.4444101.2899 -2.7783 3 529.3611 35 60006 30317 512 16 511

381575.4444101.2899 -2.7783 3 529.3611 35 60006 30317 513 16 512

381831.6413103.7112 -2.4447 3 376.4946 35 60006 30317 414 16 413

381831.6416103.7119 -2.4447 3 376.4946 35 60006 30317 413 16 412

382020.7770109.1657 -2.1841 3 256.8498 35 60006 30317 315 16 314

382020.9540109.5922 -2.1841 3 256.8498 35 60006 30317 314 16 313

382129.7277 81.1228 -1.9973 3 170.9704 35 60006 30317 216 16 215

382178.7519 0.4249 -1.8475 3 102.0060 35 60006 30317 017 16 016

382188.4707178.1205 -1.9972 3 170.9778 35 60006 30317 215 16 214

384077.3506999.9999 -1.8818 3 119.7738 35 60006 30317 116 16 115

393155.8498116.0866 -9.9477 3 3767.3370 37 60006 3031815 3 1715 2

393155.8498116.0866 -9.9477 3 3767.3370 37 60006 3031815 4 1715 3
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395305.8262116.1611 -8.8775 3 3309.3488 37 60006 3031814 4 1714 3

395305.8262116.1611 -8.8775 3 3309.3488 37 60006 3031814 5 1714 4

397131.7775116.2474 -7.9016 3 2882.6031 37 60006 3031813 5 1713 4

397131.7775116.2474 -7.9016 3 2882.6031 37 60006 3031813 6 1713 5

398671.3718116.3538 -7.0071 3 2485.9129 37 60006 3031812 6 1712 5

398671.3718116.3538 -7.0071 3 2485.9129 37 60006 3031812 7 1712 6

399959.4889116.4915 -6.1872 3 2118.6459 37 60006 3031811 7 1711 6

399959.4889116.4915 -6.1872 3 2118.6459 37 60006 3031811 8 1711 7

401028.2218116.6768 -5.4381 3 1780.6169 37 60006 3031810 8 1710 7

401028.2218116.6768 -5.4381 3 1780.6169 37 60006 3031810 9 1710 8

401906.8788116.9343 -4.7580 3 1471.9886 37 60006 30318 9 9 17 9 8

401906.8788116.9343 -4.7580 3 1471.9886 37 60006 30318 910 17 9 9

402621.9878117.3047 -4.1464 3 1193.1813 37 60006 30318 810 17 8 9

402621.9878117.3047 -4.1464 3 1193.1813 37 60006 30318 811 17 810

402677.2379999.9999 -1.8407 3 131.4577 37 60006 30318 118 17 117

403197.3051117.8596 -3.6035 3 944.7907 37 60006 30318 711 17 710

403197.3051117.8596 -3.6035 3 944.7907 37 60006 30318 712 17 711

403653.8371118.7371 -3.1299 3 727.5147 37 60006 30318 612 17 611

403653.8371118.7371 -3.1299 3 727.5147 37 60006 30318 613 17 612

404009.8957120.2355 -2.7267 3 542.0891 37 60006 30318 513 17 512

404009.8957120.2355 -2.7267 3 542.0891 37 60006 30318 514 17 513

404109.1743925.3167 -2.6652 3 11.2525 9 60006 303 4 1 4 5 0 5

404281.2760123.1109 -2.3949 3 389.2312 37 60006 30318 415 17 414

404281.2763123.1119 -2.3949 3 389.2312 37 60006 30318 414 17 413

404481.8910129.5565 -2.1355 3 269.5926 37 60006 30318 316 17 315

404482.1271130.1253 -2.1355 3 269.5927 37 60006 30318 315 17 314

404594.9975 96.2722 -1.9495 3 183.7169 37 60006 30318 217 17 216

404640.7252 0.5134 -1.8004 3 114.7541 37 60006 30318 018 17 017

404664.7711211.4649 -1.9494 3 183.7262 37 60006 30318 216 17 215

406656.8603999.9999 -1.8346 3 132.5853 37 60006 30318 117 17 116

414986.8992136.5285 -9.8144 3 3780.4512 39 60006 3031915 4 1815 3

414986.8992136.5285 -9.8144 3 3780.4512 39 60006 3031915 5 1815 4

417256.0598136.6133 -8.7720 3 3322.5348 39 60006 3031914 5 1814 4

417256.0598136.6133 -8.7720 3 3322.5348 39 60006 3031914 6 1814 5

419183.2134136.7130 -7.8136 3 2895.8500 39 60006 3031913 6 1813 5

419183.2134136.7130 -7.8136 3 2895.8500 39 60006 3031913 7 1813 6

420808.1214136.8372 -6.9310 3 2499.2111 39 60006 3031912 7 1812 6

420808.1214136.8372 -6.9310 3 2499.2111 39 60006 3031912 8 1812 7

422167.6020136.9989 -6.1196 3 2131.9871 39 60006 3031911 8 1811 7

422167.6020136.9989 -6.1196 3 2131.9871 39 60006 3031911 9 1811 8

423295.5322137.2170 -5.3769 3 1793.9937 39 60006 3031910 9 1810 8

423295.5322137.2170 -5.3769 3 1793.9937 39 60006 303191010 1810 9

424222.8504137.5206 -4.7017 3 1485.3948 39 60006 30319 910 18 9 9

424222.8504137.5206 -4.7017 3 1485.3948 39 60006 30319 911 18 910

424977.5608137.9572 -4.0940 3 1206.6114 39 60006 30319 811 18 810

424977.5608137.9572 -4.0940 3 1206.6114 39 60006 30319 812 18 811

425032.8082999.9999 -1.7989 3 144.8895 39 60006 30319 119 18 118

425584.7450138.6109 -3.5540 3 958.2399 39 60006 30319 712 18 711

425584.7450138.6109 -3.5540 3 958.2399 39 60006 30319 713 18 712

426066.5859139.6440 -3.0828 3 740.9792 39 60006 30319 613 18 612

426066.5859139.6440 -3.0828 3 740.9792 39 60006 30319 614 18 613

426442.4345141.4076 -2.6814 3 555.5654 39 60006 30319 514 18 513

426442.4345141.4076 -2.6814 3 555.5654 39 60006 30319 515 18 514

426729.0177144.7907 -2.3510 3 402.7165 39 60006 30319 416 18 415
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426729.0182144.7922 -2.3510 3 402.7165 39 60006 30319 415 18 414

426941.1698152.3350 -2.0927 3 283.0847 39 60006 30319 317 18 316

426941.4798153.0818 -2.0927 3 283.0847 39 60006 30319 316 18 315

427043.9268555.5478 -2.7354 3 7.5017 7 60006 303 3 1 3 4 0 4

427058.0476113.1997 -1.9074 3 197.2128 39 60006 30319 218 18 217

427099.4167 0.6131 -1.7589 3 128.2514 39 60006 30319 019 18 018

427140.1538248.7285 -1.9073 3 197.2244 39 60006 30319 217 18 216

429234.0908999.9999 -1.7931 3 146.1499 39 60006 30319 118 18 117

436816.1755159.2395 -9.7122 3 3794.2937 41 60006 3032015 5 1915 4

436816.1755159.2395 -9.7122 3 3794.2937 41 60006 3032015 6 1915 5

439204.4782159.3356 -8.6874 3 3336.4530 41 60006 3032014 6 1914 5

439204.4782159.3356 -8.6874 3 3336.4530 41 60006 3032014 7 1914 6

441232.7953159.4501 -7.7409 3 2909.8325 41 60006 3032013 7 1913 6

441232.7953159.4501 -7.7409 3 2909.8325 41 60006 3032013 8 1913 7

442942.9814159.5939 -6.8669 3 2513.2478 41 60006 3032012 8 1912 7

442942.9814159.5939 -6.8669 3 2513.2478 41 60006 3032012 9 1912 8

444373.7933159.7823 -6.0620 3 2146.0691 41 60006 3032011 9 1911 8

444373.7933159.7823 -6.0620 3 2146.0691 41 60006 303201110 1911 9

445560.8922160.0370 -5.3243 3 1808.1134 41 60006 303201010 1910 9

445560.8922160.0370 -5.3243 3 1808.1134 41 60006 303201011 191010

446536.8467160.3918 -4.6531 3 1499.5454 41 60006 30320 911 19 910

446536.8467160.3918 -4.6531 3 1499.5454 41 60006 30320 912 19 911

447331.1381160.9019 -4.0484 3 1220.7871 41 60006 30320 812 19 811

447331.1381160.9019 -4.0484 3 1220.7871 41 60006 30320 813 19 812

447385.8866999.9999 -1.7623 3 159.0671 41 60006 30320 120 19 119

447970.1736161.6655 -3.5109 3 972.4359 41 60006 30320 713 19 712

447970.1736161.6655 -3.5109 3 972.4359 41 60006 30320 714 19 713

448477.3148162.8718 -3.0417 3 755.1912 41 60006 30320 614 19 613

448477.3148162.8718 -3.0417 3 755.1912 41 60006 30320 615 19 614

448872.9549164.9300 -2.6419 3 569.7900 41 60006 30320 515 19 514

448872.9549164.9300 -2.6419 3 569.7900 41 60006 30320 516 19 515

449174.7616168.8774 -2.3126 3 416.9507 41 60006 30320 417 19 416

449174.7623168.8795 -2.3126 3 416.9507 41 60006 30320 416 19 415

449398.5108177.6318 -2.0552 3 297.3259 41 60006 30320 318 19 317

449398.9122178.5986 -2.0552 3 297.3260 41 60006 30320 317 19 316

449518.7545132.0040 -1.8706 3 211.4579 41 60006 30320 219 19 218

449554.6436 0.7244 -1.7226 3 142.4979 41 60006 30320 020 19 019

449614.5687290.1283 -1.8705 3 211.4722 41 60006 30320 218 19 217

449867.9013277.9096 -2.8610 3 4.5011 5 60006 303 2 1 2 3 0 3

451808.9144999.9999 -1.7568 3 160.4676 41 60006 30320 119 19 118

472580.7645 92.6692 -3.1156 3 2.2505 3 60006 303 1 1 1 2 0 2

517781.0816 92.6895 -2.5578 3 0.7502 3 60006 303 1 1 0 1 0 1

517999.1479278.1674 -2.3388 3 2.2505 5 60006 303 2 1 1 2 0 2

518326.3866556.6066 -2.1970 3 4.5011 7 60006 303 3 1 2 3 0 3

518762.9653928.2742 -2.0935 3 7.5017 9 60006 303 4 1 3 4 0 4

519309.1069999.9999 -2.0135 3 11.2525 11 60006 303 5 1 4 5 0 5

519965.0903999.9999 -1.9496 3 15.7534 13 60006 303 6 1 5 6 0 6

520731.2502999.9999 -1.8974 3 21.0043 15 60006 303 7 1 6 7 0 7

521607.9771999.9999 -1.8545 3 27.0052 17 60006 303 8 1 7 8 0 8

522595.7170999.9999 -1.8191 3 33.7561 19 60006 303 9 1 8 9 0 9

523694.9721999.9999 -1.7899 3 41.2569 21 60006 30310 1 9 10 010

524906.3002999.9999 -1.7661 3 49.5076 23 60006 30311 110 11 011

526230.3146999.9999 -1.7471 3 58.5080 25 60006 30312 111 12 012

527667.6847999.9999 -1.7323 3 68.2581 27 60006 30313 112 13 013
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529219.1355999.9999 -1.7213 3 78.7579 29 60006 30314 113 14 014

530885.4475999.9999 -1.7138 3 90.0072 31 60006 30315 114 15 015

532667.4570999.9999 -1.7095 3 102.0060 33 60006 30316 115 16 016

534566.0557999.9999 -1.7083 3 114.7541 35 60006 30317 116 17 017

536582.1909999.9999 -1.7099 3 128.2514 37 60006 30318 117 18 018

538716.8650999.9999 -1.7143 3 142.4979 39 60006 30319 118 19 019

540050.1107 92.6697 -2.6965 3 0.0000 3 60006 303 1 1 1 0 0 0

540971.1358999.9999 -1.7212 3 157.4935 41 60006 30320 119 20 020

562316.2050277.9102 -2.4877 3 0.7502 5 60006 303 2 1 2 1 0 1

584470.2783555.5483 -2.3330 3 2.2505 7 60006 303 3 1 3 2 0 2

606512.2996925.3168 -2.2093 3 4.5011 9 60006 303 4 1 4 3 0 3

628442.2888999.9999 -2.1061 3 7.5017 11 60006 303 5 1 5 4 0 4

650260.3161999.9999 -2.0179 3 11.2525 13 60006 303 6 1 6 5 0 5

671966.5023999.9999 -1.9413 3 15.7534 15 60006 303 7 1 7 6 0 6

693561.0190999.9999 -1.8740 3 21.0043 17 60006 303 8 1 8 7 0 7

715044.0883999.9999 -1.8147 3 27.0052 19 60006 303 9 1 9 8 0 8

736415.9835999.9999 -1.7621 3 33.7561 21 60006 30310 110 9 0 9

757677.0287999.9999 -1.7155 3 41.2569 23 60006 30311 111 10 010

778827.5992999.9999 -1.6743 3 49.5076 25 60006 30312 112 11 011

799868.1215999.9999 -1.6379 3 58.5080 27 60006 30313 113 12 012

820799.0738999.9999 -1.6060 3 68.2581 29 60006 30314 114 13 013

841620.9855999.9999 -1.5782 3 78.7579 31 60006 30315 115 14 014

862334.4380999.9999 -1.5542 3 90.0072 33 60006 30316 116 15 015

882940.0646999.9999 -1.5339 3 102.0060 35 60006 30317 117 16 016

903438.5506999.9999 -1.5170 3 114.7541 37 60006 30318 118 17 017

923830.6335999.9999 -1.5034 3 128.2514 39 60006 30319 119 18 018

944117.1035999.9999 -1.4928 3 142.4979 41 60006 30320 120 19 019

1076841.3755999.9999 -1.8441 3 175.5383 39 60006 30319 218 20 119

1101592.2423999.9999 -1.8204 3 160.4676 37 60006 30318 217 19 118

1123680.7914999.9999 -1.8252 3 173.9903 39 60006 30319 217 20 120

1126231.3356999.9999 -1.8003 3 146.1499 35 60006 30317 216 18 117

1143926.5242999.9999 -1.8040 3 159.0671 37 60006 30318 216 19 119

1150758.4683999.9999 -1.7842 3 132.5853 33 60006 30316 215 17 116

1164294.5613999.9999 -1.7861 3 144.8895 35 60006 30317 215 18 118

1175173.4575999.9999 -1.7722 3 119.7738 31 60006 30315 214 16 115

1184783.3285999.9999 -1.7720 3 131.4577 33 60006 30316 214 17 117

1199476.1248999.9999 -1.7646 3 107.7156 29 60006 30314 213 15 114

1205391.3319999.9999 -1.7618 3 118.7716 31 60006 30315 213 16 116

1223666.2954999.9999 -1.7620 3 96.4107 27 60006 30313 212 14 113

1226117.1577999.9999 -1.7558 3 106.8313 29 60006 30314 212 15 115

1246959.4722999.9999 -1.7545 3 95.6370 27 60006 30313 211 14 114

1247743.7987999.9999 -1.7646 3 85.8592 25 60006 30312 211 13 112

1267917.0221999.9999 -1.7584 3 85.1887 25 60006 30312 210 13 113

1271708.4674999.9999 -1.7732 3 76.0611 23 60006 30311 210 12 111

1288988.6341999.9999 -1.7682 3 75.4865 23 60006 30311 2 9 12 112

1295560.1384999.9999 -1.7887 3 67.0166 21 60006 30310 2 9 11 110

1310173.2154999.9999 -1.7846 3 66.5303 21 60006 30310 2 8 11 111

1319298.6514999.9999 -1.8123 3 58.7255 19 60006 303 9 2 8 10 1 9

1331469.7531999.9999 -1.8090 3 58.3203 19 60006 303 9 2 7 10 110

1342923.8502999.9999 -1.8457 3 51.1880 17 60006 303 8 2 7 9 1 8

1352877.3147999.9999 -1.8431 3 50.8565 17 60006 303 8 2 6 9 1 9

1366435.5814999.9999 -1.8913 3 44.4042 15 60006 303 7 2 6 8 1 7

1374395.0479999.9999 -1.8893 3 44.1390 15 60006 303 7 2 5 8 1 8

1389833.6950999.9999 -1.9531 3 38.3740 13 60006 303 6 2 5 7 1 6
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1396022.1804999.9999 -1.9517 3 38.1678 13 60006 303 6 2 4 7 1 7

1413118.0442999.9999 -2.0378 3 33.0975 11 60006 303 5 2 4 6 1 5

1417758.0201999.9999 -2.0368 3 32.9428 11 60006 303 5 2 3 6 1 6

1436288.4852999.9999 -2.1579 3 28.5748 9 60006 303 4 2 3 5 1 4

1439601.9551999.9999 -2.1572 3 28.4643 9 60006 303 4 2 2 5 1 5

1459344.8773927.6403 -2.3413 3 24.8058 7 60006 303 3 2 2 4 1 3

1461553.4534926.5443 -2.3408 3 24.7321 7 60006 303 3 2 1 4 1 4

1482287.0827556.4476 -2.6746 3 21.7906 5 60006 303 2 2 1 3 1 2

1483612.0632555.8258 -2.6743 3 21.7464 5 60006 303 2 2 0 3 1 3

1526886.6843999.9999 -1.1697 3 175.5383 41 60006 30320 218 20 119

1529081.0299999.9999 -1.1604 3 160.4676 39 60006 30319 217 19 118

1531174.9669999.9999 -1.1538 3 146.1499 37 60006 30318 216 18 117

1533167.0561999.9999 -1.1502 3 132.5853 35 60006 30317 215 17 116

1535055.9361999.9999 -1.1495 3 119.7738 33 60006 30316 214 16 115

1536840.3224999.9999 -1.1522 3 107.7156 31 60006 30315 213 15 114

1538519.0077999.9999 -1.1582 3 96.4107 29 60006 30314 212 14 113

1540090.8612999.9999 -1.1680 3 85.8592 27 60006 30313 211 13 112

1541554.8290999.9999 -1.1820 3 76.0611 25 60006 30312 210 12 111

1542909.9331999.9999 -1.2005 3 67.0166 23 60006 30311 2 9 11 110

1544155.2719999.9999 -1.2242 3 58.7255 21 60006 30310 2 8 10 1 9

1545290.0196999.9999 -1.2538 3 51.1880 19 60006 303 9 2 7 9 1 8

1546313.4260999.9999 -1.2905 3 44.4042 17 60006 303 8 2 6 8 1 7

1547224.8167999.9999 -1.3360 3 38.3740 15 60006 303 7 2 5 7 1 6

1548023.5924999.9999 -1.3926 3 33.0975 13 60006 303 6 2 4 6 1 5

1548709.2293999.9999 -1.4645 3 28.5748 11 60006 303 5 2 3 5 1 4

1549281.2786924.7646 -1.5597 3 24.8058 9 60006 303 4 2 2 4 1 3

1549739.3663555.3792 -1.6960 3 21.7906 7 60006 303 3 2 1 3 1 2

1550083.1936277.8899 -1.9344 3 19.5291 5 60006 303 2 2 0 2 1 1

1550745.5681278.0686 -1.9342 3 19.5070 5 60006 303 2 2 1 2 1 2

1551063.9158556.1817 -1.6958 3 21.7464 7 60006 303 3 2 2 3 1 3

1551488.4178927.0449 -1.5593 3 24.7321 9 60006 303 4 2 3 4 1 4

1552019.1070999.9999 -1.4640 3 28.4643 11 60006 303 5 2 4 5 1 5

1552656.0243999.9999 -1.3918 3 32.9428 13 60006 303 6 2 5 6 1 6

1553399.2189999.9999 -1.3349 3 38.1678 15 60006 303 7 2 6 7 1 7

1554248.7480999.9999 -1.2891 3 44.1390 17 60006 303 8 2 7 8 1 8

1555204.6769999.9999 -1.2521 3 50.8565 19 60006 303 9 2 8 9 1 9

1556267.0788999.9999 -1.2220 3 58.3203 21 60006 30310 2 9 10 110

1557436.0350999.9999 -1.1979 3 66.5303 23 60006 30311 210 11 111

1558711.6346999.9999 -1.1789 3 75.4865 25 60006 30312 211 12 112

1560093.9742999.9999 -1.1645 3 85.1887 27 60006 30313 212 13 113

1561583.1585999.9999 -1.1541 3 95.6370 29 60006 30314 213 14 114

1563179.2998999.9999 -1.1475 3 106.8313 31 60006 30315 214 15 115

1564882.5175999.9999 -1.1442 3 118.7716 33 60006 30316 215 16 116

1566692.9390999.9999 -1.1442 3 131.4577 35 60006 30317 216 17 117

1568610.6986999.9999 -1.1472 3 144.8895 37 60006 30318 217 18 118

1570635.9380999.9999 -1.1530 3 159.0671 39 60006 30319 218 19 119

1572768.8059999.9999 -1.1615 3 173.9903 41 60006 30320 219 20 120

1595280.6915 92.5311 -1.6528 3 18.0215 5 60006 303 2 2 1 1 1 0

1595501.5770 92.9467 -1.6527 3 18.0141 5 60006 303 2 2 0 1 1 1

1617535.0462277.5340 -1.5989 3 19.5291 7 60006 303 3 2 2 2 1 1

1618197.8517279.1371 -1.5988 3 19.5070 7 60006 303 3 2 1 2 1 2

1618243.2513999.9999 -6.3680 3 157.4935 39 60006 30319 217 20 020

1639674.3308554.8785 -1.5413 3 21.7906 9 60006 303 4 2 3 3 1 2

1640657.7411999.9999 -6.3951 3 142.4979 37 60006 30318 216 19 019
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1641000.3171559.0574 -1.5411 3 21.7464 9 60006 303 4 2 2 3 1 3

1661698.4305924.4362 -1.4875 3 24.8058 11 60006 303 5 2 4 4 1 3

1663092.3866848.0797 -6.4279 3 128.2514 35 60006 30317 215 18 018

1663909.1619933.3111 -1.4872 3 24.7321 11 60006 303 5 2 3 4 1 4

1683607.2335999.9999 -1.4388 3 28.5748 13 60006 303 6 2 5 5 1 4

1685544.6412669.8926 -6.4669 3 114.7541 33 60006 30316 214 17 017

1686924.6552999.9999 -1.4384 3 28.4643 13 60006 303 6 2 4 5 1 5

1705400.6309999.9999 -1.3955 3 33.0975 15 60006 303 7 2 6 6 1 5

1708012.0903521.3648 -6.5125 3 102.0060 31 60006 30315 213 16 016

1710047.1459999.9999 -1.3950 3 32.9428 15 60006 303 7 2 5 6 1 6

1727078.5167999.9999 -1.3572 3 38.3740 17 60006 303 8 2 7 7 1 6

1730492.4521399.0089 -6.5655 3 90.0072 29 60006 30314 212 15 015

1733277.0635999.9999 -1.3565 3 38.1678 17 60006 303 8 2 6 7 1 7

1748640.7881999.9999 -1.3236 3 44.4042 19 60006 303 9 2 8 8 1 7

1752983.5770299.5550 -6.6267 3 78.7579 27 60006 30313 211 14 014

1756614.9173999.9999 -1.3227 3 44.1390 19 60006 303 9 2 7 8 1 8

1770087.3453999.9999 -1.2943 3 51.1880 21 60006 30310 2 9 9 1 8

1775483.4477219.9512 -6.6971 3 68.2581 25 60006 30312 210 13 013

1780061.2974999.9999 -1.2932 3 50.8565 21 60006 30310 2 8 9 1 9

1791418.0916999.9999 -1.2689 3 58.7255 23 60006 30311 210 10 1 9

1797990.1788157.3638 -6.7781 3 58.5080 23 60006 30311 2 9 12 012

1803616.8736999.9999 -1.2677 3 58.3203 23 60006 30311 2 9 10 110

1812632.9336999.9999 -1.2473 3 67.0166 25 60006 30312 211 11 110

1820502.0168109.1772 -6.8713 3 49.5076 21 60006 30310 2 8 11 011

1827282.3966999.9999 -1.2459 3 66.5303 25 60006 30312 210 11 111

1833731.7811999.9999 -1.2292 3 76.0611 27 60006 30313 212 12 111

1843017.3400 72.9943 -6.9790 3 41.2569 19 60006 303 9 2 7 10 010

1851058.6971999.9999 -1.2276 3 75.4865 27 60006 30313 211 12 112

1854714.5476999.9999 -1.2143 3 85.8592 29 60006 30314 213 13 112

1865534.6581 46.6360 -7.1042 3 33.7561 17 60006 303 8 2 6 9 0 9

1874946.6864999.9999 -1.2127 3 85.1887 29 60006 30314 212 13 113

1875581.1497999.9999 -1.2026 3 96.4107 31 60006 30315 214 14 113

1888052.6122 28.1418 -7.2512 3 27.0052 15 60006 303 7 2 5 8 0 8

1896331.5080999.9999 -1.1938 3 107.7156 33 60006 30316 215 15 114

1898947.3561999.9999 -1.2008 3 95.6370 31 60006 30315 213 14 114

1910569.9747 15.7693 -7.4265 3 21.0043 13 60006 303 6 2 4 7 0 7

1916965.5466999.9999 -1.1879 3 119.7738 35 60006 30317 216 16 115

1923061.7783999.9999 -1.1920 3 106.8313 33 60006 30316 214 15 115

1933085.6491 7.9940 -7.6403 3 15.7534 11 60006 303 5 2 3 6 0 6

1937483.1934999.9999 -1.1848 3 132.5853 37 60006 30318 217 17 116

1947291.1054999.9999 -1.1860 3 118.7716 35 60006 30317 215 16 116

1955598.6697 3.5096 -7.9105 3 11.2525 9 60006 303 4 2 2 5 0 5

1957884.3807999.9999 -1.1842 3 146.1499 39 60006 30319 218 18 117

1971636.5702999.9999 -1.1827 3 131.4577 37 60006 30318 216 17 117

1978108.2018 1.2280 -8.2737 3 7.5017 7 60006 303 3 2 1 4 0 4

1978169.0444999.9999 -1.1862 3 160.4676 41 60006 30320 219 19 118

1996099.4862999.9999 -1.1821 3 144.8895 39 60006 30319 217 18 118
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Appendix C

FTIR Spectra of Ices Studied in
the THz-TDS

Where available, spectra of unsaturated samples of species studied in the FTIR are presented here.

These spectra are background-subtracted using a scan of the blank substrate, but have had no

correction made to the baseline in post-processing. They are intended as a guide to future work for

a qualitative identification of an ice species probed by the FTIR, and not for quantitative assignment

of vibrational modes or intensities.
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