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ABSTRACT 

Chemistry in the interstellar medium is very different from the processes which 

take place in terrestrial settings. Environments such as circumstellar envelopes, molecular 

clouds, and comets contain diverse and complex chemical networks. The low 

temperatures (10-50 K) and densities (1-10® cm"^) allow normally unstable molecules to 

exist in significant quantities. At these temperatures, the rotational energy levels of 

molecules are populated, and thus these species can be detected by millimeter-wave radio 

astronomy. The detection and quantification of interstellar molecules, including metal 

cyanides and molecular ions, is the basis of this dissertation work. 

While conducting observations of CN and "CN to determine the '^C/'^C ratio 

throughout the Galaxy, it was found that the ratios in photon-dominated regions (PDRs) 

were much higher than those in nearby molecular clouds. This can be explained by 

isotope-selective photodissociation, in which the '^CN molecules are self-shielded. 

However, the chemistry in these regions is poorly understood, and other processes may 

be occurring. In order to understand one of the chemical networks present in PDRs, 

observations of HCO^, HOC"^, and CO^ were made toward several of these sources. 

Previous studies indicated that the HC07H0C^ ratio was much lower in PDRs, due to 

the presence of CO^. The new observations indicate that there is a strong correlation 

between CO^ and HOC^ abundances, which suggests that other molecular ions which 

have not been detected in molecular clouds may be present in PDRs. 
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There is a significant obstacle to the detection of new interstellar molecular ions, 

however. The laboratory spectra are virtually unknown for many of these species, due to 

their inherent instability. Thus, techniques which can selectively detect ionic spectra must 

be utilized. One such method is velocity modulation, which incorporates an AC electrical 

discharge to produce and detect ions. Previously, velocity modulation spectroscopy was 

employed only at infrared wavelengths. The final phase of this dissertation work was to 

design, build and test a velocity modulation spectrometer which functions at 

millimeter/sub-mm wavelengths. This system was then used to measure the previously 

unknown pure rotational spectrum of SH"^ (X^S"). 
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INTRODUCTION 

It has been 40 years since the first discovery of a molecule in the interstellar 

medium by radio astronomy. Since the detection of OH (Barrett, Meeks & Weinreb 

1964), over 125 molecules have been observed, including carbon chains, molecular ions, 

and metal-containing (in the chemist's sense) species. The interstellar medium presents a 

variety of chemical environments which are very different from those on Earth. 

Interstellar molecules can be found in warm, dense giant molecular clouds (GMCs), cold 

cloud cores, diffuse clouds, in the circumstellar envelopes of red giant stars, and in 

planetary nebulae. In these low-temperature, low-density regions, molecules which are 

unstable on Earth can exist in sufficient quantities to be detected by radio astronomy. In 

this dissertation, millimeter-wave astronomical observations and laboratory spectroscopy 

arecombined to measure molecular spectra in the lab and in interstellar sources. The 

results include a new spectrometer to study molecular ions, a definitive measurement of 

the gradient in the Galactic '^C/'^C ratio, a better understanding of the chemistry of 

photon-dominated regions (PDRs), and the detection of two new interstellar molecules 

(AINC and KCN) toward the circumstellar envelope of the late-type carbon star 

IRC+10216. 

Molecules in the Envelopes of Evolved Stars 

Main-sequence stars reach the end of their life cycle when they begin burning 

helium in their cores instead of hydrogen. This process simultaneously increases the 

star's radius and luminosity while decreasing the surface temperature. The resulting "red 

giant" star begins to lose its outer layers of material as its gravity is outpaced by the 
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expansion. The expelled matter forms an envelope around the star, often obscuring it 

from optical telescopes. However, these envelopes are rich in molecules, which are easily 

observed at millimeter wavelengths. Furthermore, violent mass-loss events can dredge up 

heavier material from the star's interior, including metallic elements such as iron, 

aluminum, and magnesium, and eject them into the envelope. Thus, the circumstellar 

envelopes of evolved stars have produced the only detections of interstellar metal-

containing molecules. 

The prototypical late-type carbon star (where C/0 > 1) is IRC-H10216, also 

known as CW Leo. Eight metal-bearing species have been securely identified in the 

circumstellar envelope of this source, including NaCl, AlCl, AlF, KCl, MgNC, MgCN, 

NaCN (e.g. (Cemicharo & Guelin 1987; Guelin, Lucas & Cernicharo 1993; Ziurys et al. 

1995) and most recently, AINC (Ziurys et al. 2002). Several of these molecules have 

been identified towards the proto-planetary nebulae CRL 2688 and CRl 618 as well 

(Highberger et al. 2001; Highberger & Ziurys 2003). It is interesting to note that of these 

eight molecules, four are cyanides or isocyanides. Clearly, these species are integral to 

the chemistry of evolved stars. 

Metal cyanide molecules are thought to be formed from two different chemical 

processes, based on their spatial distributions in the circumstellar envelope. Metal 

cyanides in the outer envelope, such as MgNC, are produced by radiative association 

reactions (Petrie 1996): 

Mg^ -I- HCjN MgNCjH^ + hv 

MgNCsH^ + e- ^ Mg(CN/NC) -h C4H 

(1) 

(2) 
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The rate of this type of reaction is increased through vibrational stabilization of the 

intermediate MgNCjH^ ion, leading to the efficient production of the cyanide or 

isocyanide. NaCN, an inner-shell species, is formed via "ligand-switching" (Petrie 1999): 

This process is not feasible for Mg, since MgCl and any other magnesium-bearing halides 

are radicals. Consequently, they are not expected to be produced by the LTE conditions 

present in the inner envelope. However, this process is predicted to occur with A1 and K. 

AlCl and AINC have been detected in IRC-i-10216, suggesting that aluminum 

participates in inner-shell LTE chemistry. However, the AINC line profiles appear U-

shaped, indicating an outer shell distribution. Although AINC is a closed-shell species, it 

exists in the same environment as the radicals MgNC and MgCN. It seems that the 

distinction between stable inner-shell molecules and outer-shell radicals is not quite so 

straightforward, and further observations of cyanide species are needed in order to 

illuminate the chemical processes taking place throughout the circumstellar envelope of 

IRC+10216. The first astronomical observations for this dissertation involve metal-

containing molecules in IRC+10216, CRL 2688, and CRL 618. 

The Ratio as an Indicator of Galactic Chemical Evolution 

Red giant stars, particularly carbon stars, are also thought to produce vast amounts 

of '^C. During the later phases of stellar evolution, giant stars begin the nucleosynthetic 

"CNO" cycle. In this process, "C is produced from '^C by the reactions: 

NaCl + HCN ^ NaCN + HCl (3) 

''C + H ^ ''N + Y 

''N + H ^ ''C + e^ 

(4) 

(5) 



The '^C is then brought to the surface during dredge-up events and expelled into the 

interstellar medium. As more stars form, more "C enters the interstellar medium, 

lowering the overall ratio. The ratio in the solar system, as measured by 

observations of comets (Wyckoff et al. 2000) is ~ 90. But since its formation, the 

molecular clouds in the Solar neighborhood have continued to be enriched in '^C, leading 

to a present-day value of '^C/"C ~ 45 in nearby sources (Savage et al. 2002). Studies of 

carbon isotope ratios are the second component of the observations for this dissertation. 

Chemistry in Photon-Dominated Regions 

While conducting the observations of CN and '^CN, it was found that the ratios in 

photon-dominated regions (PDRs) were much higher than those in nearby molecular 

clouds. In these regions, high-energy (>13.6 eV) UV radiation from O and B stars 

impinges on the edge of a molecular cloud, creating an environment dominated by 

photodissociation and photoionization. This leads to the production of unusual molecular 

ions such as CO^, which is observed only in PDRs. In addition, the observed '^CN/'^CN 

ratio can be altered by isotope-selective photodissociation. Since '^CN is very abundant, 

the molecules at the outer edges absorb most of the UV photons, shielding those further 

in from dissociation. The "CN, on the other hand, is not present in sufficient quantities to 

block the radiation, so it is dissociated through a much larger section of the cloud. This 

results in a lower observed ratio. However, the chemistry in these regions is 

poorly understood, and other processes may be occurring. 

Another chemical network of interest in PDRs is that involving HCO^, HOC^, and 

CO^. Previous studies of these regions (Apponi, Pesch & Ziurys 1999; Ziurys & Apponi 
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1995) indicated that HOC"^ may be enhanced relative to HCO^. This effect is attributed to 

the presence of CO"^. However, few simultaneous observations of all three molecules 

have been made. The third major observational project of this dissertation work was the 

study of HCO"^, HOC^, and CO"^ in several well-known PDRs. These observations support 

the correlation between HOC"^ and CO^, emphasizing that the chemistry in these regions 

favors chemical species not normally found in molecular clouds. This suggests that other 

exotic molecular ions may be present in PDRs. 

Laboratory Studies of New Astrophysically-Interesting Molecular Ions 

In order to detect new molecular ions in PDRs via millimeter-wave astronomy, 

their rotational transition frequencies (which usually lie in the millimeter wavelength 

range) must first be measured in the laboratory. However, these measurements are 

notoriously difficult to make. Ions are usually created by electrical discharges, which can 

be unstable and introduce noise into the spectrometer. Furthermore, direct absorption 

techniques require molecular densities of at least 10' cm"^ to produce signals. Since only a 

smal l  f rac t ion  o f  the  molecu les  in  a  d i scharge  p lasma a re  ion ized  ( typ ica l ly  l ess  than  1%) ,  

their signals are often swamped by those of the more abundant neutral species present. 

Therefore, sensitive techniques are needed to extract these spectra. The situation is even 

worse for ions which are open-shell, possessing at least one unpaired electron. As a 

result, the rotational spectra of open-shell molecular ions are mostly unknown. The final 

phase of this dissertation work was to design, build, and use a new 

millimeter/submillimeter spectrometer to measure the spectra of molecular ions. 
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TECHNIQUES 

Observational Millimeter-Wave Astronomy 

The astronomical observations for this work were carried out primarily at the 

(former NRAO) Arizona Radio Observatories (ARO) 12-meter radio telescope at Kitt 

Peak, Arizona. With the detection of CO in 1970, the 12-meter inaugurated the field of 

millimeter-wave astronomy. This telescope has a very stable frontend/backend system, 

with an accurate primary reflecting surface, low-noise SIS mixer receivers, and analog 

filterbank spectrometer backends. The stability of the telescope system is crucial for 

detecting new interstellar molecules, which often requires many hours of integration. 

Optics 

As shown in Figure 1, the telescope is a cassegrain optical system. The 

paraboloidal primary surface consists of separate, adjustable aluminum panels. The 

panels are individually machined to very close tolerances, then adjusted to give the 

overall surface. The most recent laser holography measurements of the 12-meter surface 

show an accuracy of 79 microns rms (Mayer, Emerson & Davis 1994). The hyperboloidal 

secondary reflector lies at the primary focus, directing radiation through the center of the 

dish. As in many radio telescopes, this is a "nutating" subreflector. Employing solenoid 

mechanisms, the secondary can be tilted slightly (up to 2 arcseconds) during 

observations. This is known as "beam switching" or "wobble switching". When observing 

spectral lines in compact sources, this moves the beam at a frequency of 1.25 Hz to 

produce an on-off pattern. When observing an extended source, the whole telescope can 

be moved several arcminutes for the same effect. This is called "position switching". The 

switched beam passes through a hole in the primary reflector, where it strikes a tertiary 
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reflector. This planar mirror can be rotated to direct the beam into one of four receiver 

bays, reflecting off of a spherical quaternary mirror into the receiver. Currently, there are 

two receivers installed at the 12-meter, specified by their wavelength detection regions: 

the 1mm and the 2/3mm. 

Nutating Subreflector 

Primat7 Reflector 

Quaternary Mirror Quaternary Mirror (1 of 4) 

Centrai Selection Mirror 
(Rotatable to allow access to 
any one of four receiver bays) 

RX1 RX2 

Figure 1: Optical path at the 12-meter telescope 

Receivers 

Both receivers have the same basic operation. After reflecting off the quaternary 

mirror, the incoming radiation is split into two orthogonal polarizations by a crossed wire 

grid. The two "channels" are then processed separately. Because they use waveguides to 

direct the radiation, the receivers are only sensitive to polarized light. Therefore, without 
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the initial polarization diplexing, half of the signal would be lost. The receivers consist of 

separate superconductor-insulator-superconductor (SIS) mixer pairs (to process two 

separate channels). Although they need to be cooled to liquid helium temperatures in 

order to superconduct, SIS mixers require low LO power (a few microwatts) and have 

very low intrinsic noise. There are five mixer pairs (one mixer per channel), which 

correspond to the five waveguide bands employed in the millimeter region. The 1mm 

receiver consists of two mixer pairs, 200-265(WR-4), and 265-300(WR-3) GHz, and the 

2/3mm employs three: 130-170(WR-6), 90-116(WR-10), and 68-90(WR-12) GHz. 

sky signal 

polarization 
diplexing 

grid 

lens/feedhom LO in LO in 

SIS mixer 

HEMT amplifier 

1.5 GHz out 1.5 GHz out 

Figure 2: Receiver diagram 

A block diagram of the receiver is shown in Figure 2. The mixers and associated 

electronics are contained in a cooled dewar which is kept under vacuum. A commercial 



refrigerator keeps most of the system at about 70K, and a separate Joule-Thompson(J-T) 

unit cools the mixer to 4K. In the mixer, the radiation is combined with a signal from a 

local oscillator (LO) to give an intermediate frequency (IF) of 1.5 GHz. The mixer 

combines all of the incoming radiation (sky + LO), producing a myriad of frequencies 

according to the following equation; 

cos(coLot)xcos(co,kyt)=cos[(coLo±o)sky)t] (6) 

Thus, by adjusting the LO frequency, the desired observation frequency can be selected. 

However, the mixer can produce a signal from sky frequencies that are either above or 

below the LO frequency. These are called "sidebands", where upper sideband (USB) = 

LO +1.5 GHz and lower sideband (LSB) = LO - 1.5 GHz. When observing, 

contamination from the opposite sideband can produce "ghost lines" in the spectrum, so 

great care is taken to cancel out the unwanted sideband. 

After passing through the mixer, the various combined frequencies are passed on 

to a low-noise HEMT amplifier. These devices are optimized to amplify radiation at 1.5 

GHz, producing a signal with a bandwidth of about 600 MHz. Other sky-LO combined 

frequencies are filtered out. If the undesired sideband has not been eliminated by this 

stage, it will be amplified along with the signal. The 2/3 mm mixers can be tuned to 

eliminate the unwanted sideband, but the 1 mm mixers must have the image filtered out 

before it reaches the mixer. This is accomplished by incorporating a Martin-Puplett 

Interferometer image rejection filter. 

An important element necessary for consistent observing is a stable local 

oscillator source. The LO sources for all of the receivers at the 12-meter are solid-state 
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Gunn oscillators. Commonly used in millimeter-wave applications, these sources operate 

using low power (~10 V), are easily tunable, and give a very pure signal (a few MHz 

bandwidth). However, their frequency can drift over time. This drifting can be avoided by 

employing a phase-lock loop (Figure 3) to frequency-stabilize the oscillator. Before the 

LO signal enters the dewar, a small amount of power is coupled off into a Schottky diode 

harmonic mixer. The mixer compares the Gunn frequency with a harmonic of a reference 

signal of 1.8-1.9 GHz to give a 100 MHz intermediate frequency. This IF is monitored by 

a digital phase/frequency comparator, which compares the phase and frequency of the IF 

with a synthesizer as follows: 

Acos(a)ipt + (j)ip) xBcos(co,y„t + (l),yJ = MBsin[(o),p ± co^^Jt -i-((t),p ± (t),y„)] (10) 

If the frequencies and phases of the IF and the reference are the same, the output of the 

comparator is a steady DC voltage. But if the Gunn begins to drift in frequency, the phase 

difference becomes nonzero. In this case, the output of the phase comparator becomes an 

oscillating "error voltage". This passes to the driver amplifier, which adjusts the Gunn to 

give a zero phase difference. This constant monitoring and adjusting is called "phase 

lock", and the digital comparator is referred to as a "lock-box". With the phase lock 

system, the LO frequency, and consequently the observed frequency, remains stable even 

after many hours of observing. 
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Synthesizer 
(~ 93 MHz) 

To Mixer 

Gunn 
Oscillator 

2 GHz 
oscillator 

Harmonic ——i— 
Mixer I " T 

10(»MH^ 

2iGHz 10 dB 

Driver 
Amplifier 

Gunn 

I 

[iriplexer 

u 
Phase 

Comparator 
J R 100 MHz 

Reference 

u 
Phase 

Comparator 
100 MHz 
Reference 

^ D 

Phase 
Comparator 

100 MHz 
Reference 

"Lock Box" 

Figure 3: LO Phase-lock loop 

Backends 

The 1.5 GHz signal from the receiver is filtered in order to eliminate any noise 

from external sources before being sent to the spectrometer backends. This system is 

shown in Figure 4. The IF signal is first upconverted to 2.442 GHz by mixing (via a 

Schottky diode mixer) with a 3.942 GHz signal from a synthesizer. It is then passed 

through a filter centered at 2.442 GHz, again with a bandwidth of 600 MHz. This ensures 

that any stray radiation does not reach the backends. This 2.442 GHz signal is then 

amplified before being mixed down to the backend input frequency. The most reliable 

backends in millimeter-wave astronomy are simple analog filter banks. Other devices, 

including acousto-optical spectrometers, digital autocorrelators, and hybrid 

(analog/digital) spectrometers can also be used. The 12-meter offers a millimeter 
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autocorrelator (MAC) spectrometer in addition to the filter banks. Filter banks take the 

incoming signal (with a bandwidth of 600 MHz) and split it into a number of channels, 

each of a selected bandwidth. At the 12-meter, there are five filter banks with 256 

channels each. The filters are constructed to give resolutions of 100, 250, 500, 1000, or 

2000 kHz per channel. One set of filters (the 1000 and 2000 kHz resolutions) has a center 

frequency of 342 MHz, and the others have center frequencies of 150 MHz. The signal 

passes to the 342 MHz system first, then is down-converted (again by mixing) to 150 

MHz before passing into the second filter. 

342 MHz 
to Filterbank 1 

150 MHz 
to Filterbank 2 

342 MHz 

2.442 GHz 

2,442 GHz 
Filter 

Splitter 

Splitter 

3.942 GHz 
Synthesizer 

3.642 GHz 
Synthesizer 

492 MHz 
Synthesizer 

2.784 GHz 
Synthesizer 

• 
1.2 GHz 
to MAC 

Figure 4: Post-receiver IF processing 

The Stability of the 12-meter telescope is crucial for detecting new interstellar 

molecules. In order to extract very weak lines, as much as 100 hours of integration may 

be needed. If there are systematic instabilities in any of the telescope systems, the noise 
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will never decrease enough to resolve weak lines. However, observations at the 12-meter 

indicate that with this system, the noise level continues to decrease with integration time, 

approaching the theoretical limit. But if an observer is to spend 100 hours on a single 

frequency, they need to be sure that it is accurate. These precise rest frequencies must 

come from laboratory spectroscopy. 

Laboratory Spectroscopy of Molecular Ions 

The details of this project are found in Appendix B (Savage & Ziurys 2004). 

Briefly, the spectrometer uses an AC discharge to generate the ions, and incorporates 

velocity modulation to exclude signals from neutral molecules. The following section 

presents details of the design and construction not included in the manuscript submitted 

for publication. 

Optics 

The spectrometer is a single-pass optical system incorporating three lenses, one 

on each end of the cell and one to focus the radiation onto the detector aperture. The 

optics are designed incorporating Gaussian-beam optics to minimize undesirable 

diffraction and reflection loss through the system. At millimeter wavelengths, ray optics 

do not adequately describe the power distribution, and quasi-optical methods (Goldsmith 

1982) are used to manipulate the radiation. A diagram of the optical path through the 

system is shown in Figure 5. The beam is launched from the feedhom, producing a waist 

diameter of: 

Woi = 0.64rf,,dhom (7) 
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The beam is allowed to expand until it reaches lens LI, which focuses it down to waist 

Wo2, whose diameter is: 

Wo2 = 15Ay:n: Wqi (8) 

Thus, the waist size increases with wavelength The beam expands until it reaches lens 

L2, which focuses the radiation just ahead of the detector lens, which then directs the 

beam into the detector aperture. The beam diameter at L2 is also frequency-dependent: 

D(z) = 4w 
02 

1 + 
( Xz 

1 /2  

(9) 

In this equation, z is the distance from Wo2 to L2, 650 mm. At 200 GHz (X ~ 1.5 mm, 

launched with an 11.9 mm diameter feedhom), the beam size at L2 is 100 mm. At 65 

GHz (with a 20.3 mm feedhom), it increases to 176 mm. At these dimensions, 

constructing a cell from glass tubing becomes increasingly difficult. Thus, it was decided 

to construct the cell from 10-cm diameter glass tubing, and constrain the lowest operating 

frequency to 200 GHz. When conducting measurements of HCO^ and CO^, the J = 1 2 

transition of HCO^ near 178 GHz was observed with good signal-to-noise, but 

observations of the N = 0 1 fine-structure doublets of CO^ near 118 GHz resulted in 

wildly fluctuating baselines, rendering the lines nearly undetectable. 



15 cm 15 cm 65 cm 65 cm 6.9 cm I 6.9 cm 

csll 

fsedhom 

wOl + 
-TV02--

lerE 1 
F = 15 cm 

lerK 2 
F = 65 cm 

Detector leiis 
F=6.9 cm 

w04 

Figure 5: Optical path through the spectrometer 
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Reaction Cell 

The cell is a double-walled glass tube 10 cm in diameter and 85 cm long, with a 

90° elbow on one end to connect it to the vacuum system, as shown in Figure 6. There 

are glass o-ring flanges on each end which form the vacuum seal with the teflon lenses. 

The cell is evacuated by a roots-type blower system (Edwards EH1200/E2M175S) which 

has a pumping speed of approximately 550 cfm. The glass cell is connected to the pump 

with 4" vacuum tubing via a home-built compression fitting (see Figure 7). This fitting is 

constructed of aluminum, and consists two flanges welded to a section of tubing, and one 

rotatable flange. The individual flanges are modified from NW100 bolt-style weld 

flanges (MDC Part #850001) as shown in Figure 8 Figure 10, with all dimensions given 

in inches. The bottom fixed flange has an o-ring lip, and the rotatable flange is flat. An o-

ring (0.139" cross section, 2.984" ID) is placed in its lip, and the entire assembly is 

placed around the glass tube, with the top fixed flange resting on the top of the glass. The 

bolts connecting the rotatable flange are then tightened, compressing the o-ring against 

the glass and forming the vacuum seal. The fitting will hold a vacuum of at least 10"^ 

Torr, the measurement limit of the thermocouple gauge. 

Connection to 

compression fitting 

3/8" tubing Gi'oiind Glass 

Joint 
1/2" tubing O-iing Joint 

Glass Bellows 

Figure 6: Glass reaction cell 
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Figure 7: Compression fitting to connect the glass cell to the vacuum system 
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Figure 10: Compression fitting flange #3 

Spectrometer Control Software 

Operation of the spectrometer, as well as data acquisition and analysis is remotely 

computer-controlled via GPIB. The user interface is based on the "WinScan" software 

developed for use in the Ziurys laboratory (Apponi 1998), with modifications specific to 

the ion spectrometer. The program is written in Visual C/C++, using the MFC4.2 library 

set and the Windows API. Since the lock-in amplifier and the frequency synthesizer for 

this experiment are different than those in use on the other instruments, new classes were 

constructed and incorporated into the program. These classes were based on the existing 

class structures, but incorporated the GPIB commands specific to each device. 

Furthermore, WinScan contains routines for control of the pathlength modulator (Ziurys 

et al. 1994), a device which is not used in this experiment. Thus, the code was modified 

to function without the portions dealing with the pathlength modulator. Finally, new 

classes and functions were added to allow for phase-lock monitoring. This new feature is 

discussed further in the following section. In order to differentiate the newer version of 

the program, it was renamed lonScan and given a different icon. 
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Phase-lock Loop 

The Gunn oscillators in the laboratory are similar to those used at the telescope, 

and must also be phase-locked to stabilize their frequency output. However, the phase-

lock loop is slightly different, as shown in Figure 11. Again, a small amount of power 

from the Gunn is directed into the harmonic mixer, where it is combined with the 

harmonic of a signal from a frequency synthesizer. The intermediate frequency (~ 100 

MHz) is compared to a 100 MHz reference signal, and the lock box adjusts the bias to 

stay in lock. Since the construction of the original spectrometers, newer high-frequency 

Gunn oscillators and multipliers have become available, increasing the high end of the 

frequency coverage of the instruments to 660 GHz. On the previous experiments, the 

synthesizer output was ~ 2 GHz, which meant using harmonics of 50-60 to match the 

Gunn frequency. These higher harmonics are necessarily weaker, which can cause 

problems when trying to maintain lock. In order to use lower harmonics, the phase-lock 

loop was modified to operate with a synthesizer frequency of ~ 4 GHz. To accomplish 

this, several components were modified from the previous designs. In Figure 11, the new 

components are illustrated with shaded backgrounds. They include the new synthesizer 

itself (Agilent E4426B), the triplexer, and computer monitoring of the phase lock status. 

The particular synthesizer purchased, although it was the low phase-noise model, 

presented a serious experimental problem. When switching frequencies while scanning, 

spurious harmonic signals would briefly appear and disappear. These harmonics 

propagated through the entire loop, and were visible on the spectrum analyzer monitoring 

the phase-lock signal. Some of these signals were quite strong, comparable in magnitude 
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to the actual lock pip. When operating the lock box in "sweep" mode, the box would 

attempt to lock on the spurious tones, causing a temporary drop in the Gunn voltage. This 

effect produced spikes in the observed data, and would occasionally throw the Gunn out 

of lock entirely. This apparently hopeless situation was remedied, however, by 

incorporating a 4 GHz amplifier into the synthesizer output, which enabled a range of 

harmonics to be used for phase-locking. By switching to a different harmonic, and 

consequently a different synthesizer frequency, spike-free spectra can be obtained. 

However, this is a temporary fix. In fact, a different synthesizer which does not produce 

these unwanted signals is needed to produce clear spectra. 

The triplexer is a simple RF filter which permits the 4 GHz signal to pass from the 

synthesizer to the harmonic mixer. It then allows the 100 GHz intermediate frequency 

(IF) through to the lock box. Since the IF is the same, only the high-pass component was 

changed. This is a resonant LC circuit, with the frequency given by; 

v = ]= (10) 
2K'\/LC 

In order to increase the frequency by a factor of two, the capacitor inductance is reduced 

by a factor of two. The schematic of the new triplexer is shown in Figure 12, and a 

photograph in Figure 13. The circuit is constructed from of-the shelf components, with 

the exception of the 0.012 ^H inductor, which is simply 3 turns of 22 AWG wire wound 

around a 1/2W resistor. During operation, the top of the case is covered by an aluminum 

plate to keep the circuit isolated from external radiation. 
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Figure 11: Spectrometer Phase-Lock Loop 
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Figure 12: Schematic of the 4 GHz triplexer 
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Figure 13: Photograph of the 4 GHz triplexer, with top plate removed 

The harmonic mixer can be operated with a bias voltage applied, which improves 

the phase lock signal. This voltage, from a home-built "bias box", is directed to the mixer 

through the triplexer. Through the control box, the bias voltage can be directed through 

680^2 or lOKQ resistors, or turned off entirely. The schematics of the previous bias boxes 

were updated for the new spectrometer, incorporating a 1KC2 resistor within the box at 

the positive voltage output. Previously, the resistor was soldered directly onto the 

triplexer. The schematic of the harmonic mixer bias box is shown in Figure 15. 

All of the components of the phase lock loop require electrical power, which in 

the past was supplied by several individual power supplies in separate enclosures. For the 

new spectrometer, an integrated power supply (IPS) was constructed to house power 

supplies for all of the electronics. This system is shown in Figure 16. Electricity is 

provided to the Schottky diode multiplier (+20V), the lock box (+15V), and the reference 

oscillator (+5V and +15V) through one DB-9 cable from the IPS. In addition, a +15V 
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output is provided on the front panel if needed for extra electronics. The wire connections 

for the output cable are given in Figure 14. 

The final improvement to the phase-lock system is the incorporation of computer 

monitoring of the phase-lock status. The lock box is connected to a control module, 

where the bias voltage and IF level can be adjusted. The cable which connects it also 

carries a wire which indicates the lock status by a TTL signal. When the system is locked, 

a high (-I-5V) signal is sent, and when it goes out of lock, the voltage drops to 0. This wire 

is connected to an A/D card in the control computer (Measurement Computing PC-

DI024) which converts the voltage to a digital on-off bit. The spectrometer control 

software was modified to check this bit at every frequency step, and will halt the scan if 

the Gunn goes out of lock. 

Red 0~ 
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YellowO"" 
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Black O 
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G n o u n d 

Figure 14; Wire and pin connections on the power supply output connector 
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RESULTS 

Observations of the Fifth Interstellar Metal Cyanide: KCN 

During the search for AINC (Ziurys et al. 2002) at the IRAM 30-meter radio 

telescope, an unidentified line was observed near its J = 11 10 transition which 

matched up with the J(Ka, K^.) = 14(0,14) 13(0,13) transition of KCN. It is plausible 

for this molecule to exist in IRC+10216, but no detections had been reported. KCl was 

one of the first metal-containing molecules detected in this object, and in analogy with 

NaCl and NaCN, KCN should be present as well. Like NaCN, KCN has a "T-shaped" 

structure and a typical asymmetric top spectrum. If KCN is indeed similar to NaCN, it 

should be an abundant inner-shell molecule. Thus, in order to confirm the single line 

detected at the 30-meter, six additional lines were observed with the ARO 12-meter 

telescope. 

The measurements were carried out in a series of observing runs from 2001 

November to 2003 June at the ARO 12-meter telescope, Kitt Peak, AZ. Additional 

observations were completed during two observing runs (2000 October and 2003 April) 

at the IRAM 30-meter telescope at Pico Veleta, Spain. The receivers used at both 

telescopes were dual-channel SIS mixers operating at 3 and 2 mm wavelengths. The 

receivers were operated in single-sideband mode, with rejection typically 20 dB at the 12-

meter and 14 dB at the 30-meter. The backends used at the 12-meter were two 256-

channel filter banks with 1 and 2 MHz spectral resolutions configured in parallel mode (2 

X 128 ch) for the two receiver channels. At the 30-meter, the backend was a 1024 channel 
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1 MHz filterbank configured as 4 x 256 for each polarization of two receiver channels. 

The position of IRC+10216 is a = 09'^45'"14l8, 8 = 13°30'40".0 (B1950.0). 

Seven lines of KCN were detected with the ARO 12-nieter, including two = 1 

components of the J = 11 10 transitions. As a confirmation, the 14(0,14) 13(0,13) 

and 11(1,11) ^ 10(1,10) transitions were also observed at the IRAM 30-meter telescope. 

The k = 3mm lines are shown in Figure 17, the 2mm lines in Figure 19, and the three 

components of the J = 11 10 transition in Figure 18. The lines observed with the 30-

meter are shown in Figure 20. Table 1 gives a summary of the observations of KCN 

made toward IRC+10216, including rest frequencies, beam sizes and efficiencies, as well 

as line parameters. The KCN lines have extremely low intensities (1-3 mK), but are 

present at the usual LSR velocity for IRC+10216 (~ -26 km/s). In addition to the KCN 

transitions, several other features were detected in the bandpass, including nineteen 

unidentified lines. The frequencies and intensities of the additional molecules observed 

are given in Table 2. In both tables, the quoted errors are 3o. 

Table 1: Observations of KCN towards IRC+10216 

Transition Frequency 
(MHz) 

EB (" )  1LB TR* (mK) VLSR 

(km s ') 
AVI /2 

(km s"') 
J(Ka,Kc) = 

9(0,9) - 8(0,8) 84991.49 75 0.90 0.85 ± 0.2 -27.4 + 4 28.2 + 7 
10(0,10) ^9(0,9) 94360.10 68 0.88 1.2 ±0.3 -25.8 + 3 25.4 + 6 
11(1,10) ^ 10(1,9) 101858.47 63 0.88 1.6 + 0.4 -25.0 + 3 23.6 + 6 

11(0,11) ^ 10(0,10) 103695.76 61 0.86 1.3 + 0.3 -26.3 + 3 28.9 + 6 
11(1,11) 10(1,10) 106285.01 59 0.85 1.7 + 0.4 -28.8 + 3 28.2 + 6 
14(0,14) ^ 13(0,13) 131590.30 48 0.80 2.3 + 0.6 -26.4 + 2 27.4 + 5 
16(0,16) ^ 15(0,15) 150043.30 42 0.75 2.5 + 0.6 -26.3 + 2 28.0 + 4 
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Table 2: Other molecules in the bandpass 

Molecule Transition Frequency TR* (K) VLSR AVi/2 
(MHz) (km s"') (km s"') 

H'^CCN Nj = 44 33 84931.28 0.002 -26.9 28.2 
30si34s 11 i 85064.32 0.001 -26.1 28.2 
SiC2 J(Ka,Ke) = 94245.33 0.24 -26.1 28.6 

4(2,3) -> 3(2,2) 
NaCN J(Ka,Ke) = 94334.70 0.007 -25.9 28.6 

C6H('ni/2) 
6(2,4) - 5(2,3) 

C6H('ni/2) J = 36.5 ^35.5 a 101873.22 0.014 -26.4 28.5 
MgCN 101892.48 0.002 -26.4 28.5 

CeHfni/a) J = 36.5 ^35.5 a 101925.26 0.013 -26.4 28.5 
^^NaCl 11 00

 
i 101961.64 0.003 -26.4 28.5 

C2S Nj — 83 ^ 7? 103640.74 0.04 -26.2 28.9 
HC2^^CC2N J = 39-^38 103728.90 0.02 -26.2 28.9 
C3H('n3/2)=' J = 4.5-^3.5a + b 103372.50 0.001 -26.7 28.2 

HCiiN J = 314^313 106267.99 0.002 -26.7 28.2 
C2S Nj = 98 87 106347.73 0.05 -26.7 28.2 

HC2^^CC2N t 
0

 II 106388.21 0.002 -26.7 28.2 
HCa'^CCN J = 40 39 106402.31 0.002 -26.7 28.2 

CS" J = 3 ^2 146969.06 0.005 -26.3 28.0 
u 84946 0.002 -26 28.2 
u 84984 0.002 -26 28.2 
u 85025 0.001 -26 28.2 
u 94278 0.001 -26 28.6 
u 94299 0.003 -26 28.6 
u 94314 0.003 -26 28.6 
u 94439 0.003 -26 28.6 
u' 100710 0.001 -26 28.9 
u 101774 0.002 -26 28.5 
u 101794 0.001 -26 28.5 
u 101808 0.001 -26 28.5 
u 103757 0.001 -26 28.9 
u 103780 0.001 -26 28.9 
u 106231 0.001 -26 28.2 
u 106251 0.002 -26 28.2 
u 106320 0.002 -26 28.2 
u 149936 0.001 -26 28.0 
u 149958 0.001 -26 28.0 
u 150019 0.002 -26 28.0 

^ Image sideband 
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Figure 17: 3mm transitions of KCN observed with the ARO 12-meter telescope 
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Figure 19: 2mm lines of KCN observed with the ARO 12-meter telescope 
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Figure 20: KCN lines observed with the IRAM 30-meter telescope 
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The KCN lines were fit to a rotational diagram, shown in Figure 21. The plot is a 

straight line, further indicating that the lines arise from the same molecule. Assuming the 

lines are optically thin (reasonable considering the 1 mK line temperatures), the derived 

rotational temperature is 27 ± 8 K, and the column density is 1.1 ± 0.4 x 10'^ cm"^. Using 

the line parameters given in (Cemicharo & Guelin 1987), the column density of KCl is 

4.6 X 10'^ cm"^, giving [KC1]/[KCN] ~ 4. This result is in sharp contrast to the 

NaCl/NaCN system, in which NaCN is actually more abundant ([NaCl]/[NaCN] ~ 0.2). 

However, it is not as drastic as the difference observed for the aluminum-containing 

molecules, where [A1C1]/[A1NC] ~ 750. The information from the rotational diagram thus 

is not sufficient to determine the distribution of KCN within the circumstellar envelope. 

Additional indication of a molecule's distribution can be derived from its line 

shape. Outer-shell molecules whose emission is optically thin (such as MgNC) exhibit U-

shaped profiles, while inner-shell species are Gaussian-shaped (for x « 1). However, the 

telescope beam size must be smaller than the source in order to observe this effect. The 

ARO 12-meter beam is too large to resolve the shell, so the observations made with the 

IRAM 30-meter are crucial. Curiously, both lines in Figure 20 appear U-shaped, with the 

14(0,14) -«• 13(0,13) showing a pronounced dip in the center. These observations are 

further evidence for KCN as an outer-shell molecule. 
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Figure 21: Rotational diagram for KCN 

KCN's relatively low rotational temperature, low abundance and U-shaped line 

profiles indicate that it exists in the outer envelope of IRC+10216. Rather than NaCN, the 

prototypical inner-shell cyanide, the chemistry of KCN may more closely resemble that 

of AINC. AINC has a very high rotational temperature (50 K), but U-shaped lines in all 

five transitions observed. Clearly, the chemistry of metal cyanides in IRC+10216 is not 

as simple as previously thought. Additional observations of metal cyanides will help 

elucidate the different chemical networks. Ultimately, a chemical model of the 
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circumstellar envelope which incorporates metal-containing molecules will be needed to 

understand these species in IRC+10216. 

Ratios Throughout the Galaxy 

The survey of the N = 1 0 transition of CN and '^CN in several molecular 

clouds which was recently completed (Appendix E; (Savage et al. 2002) indicated a 

gradient in the isotope ratio with distance from the Galactic center. Sources from the 

Galactic center [SgrB2(0H)] to 12 kpc distant [W3(0H)] were observed, but there was a 

"gap" in the data between 1 and 5 kpc from the center. In order to extend the previous 

work, observations of the N = 1 0 transitions of CN and '^CN have been conducted in 

five new sources between 1 and 6 kpc from the Galactic center. 

The data for the new sources was collected over several observing runs between 

January - October 2003 at the Arizona Radio Observatories (ARO) 12-meter radio 

telescope at Kitt Peak, Arizona. All of the sources were observed with the filterbanks in 

parallel mode, with 250/500 kHz resolutions,. The frequency used for the N= 1 ^ 0, J= 

3/2 ^ 1/2 transition of was 113490.985 MHz, and that of the isotopomer was 

108782.374 MHz. The beam size at these frequencies is estimated to be 59", while the 

main beam efficiency ric is 0.86. 

The new sources observed were: G49.2, W31, G19.6, G35.2, and G29.9. The 

spectra of CN and '^CN observed in these clouds are shown in Figure 22 Figure 26, and 

the results are summarized in Table 4. Of the six new sources, only two (W31 and G29.9) 

showed optically thin CN emission. The optical depths of the other sources were 

determined by fitting the relative intensities of the hyperfine components, giving values 
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of 2-8, similar to the sources in the first study. The optical depth, excitation temperature, 

and ratios obtained from the new data are given in Table 3. Two of the sources 

(G49.2 and G35.2) showed multiple velocity components, making estimates of the line 

temperatures difficult. Not surprisingly, the tau values for these sources are the two 

highest. The high optical depths produce correspondingly high isotope ratios, which are 

probably not realistic. Thus, further observations of G49.2 and G35.2 with higher 

resolution are needed to determine the true isotope ratios. 

Table 3: Ratios observed in the new sources 

Source T Tex (K) 12C/13C DGC (kpc) 
G49.2 8.2 ± 1.1 3.3 ±0.1 81 ± 18 3.3 
W31 a) 10 ± 1 4.6 

G19.6 2.6 ±0.6 3.3 ±0.1 51 ±22 4.1 
G35.2 5.1 ±0.7 3.3 ±0.1 92 ±31 5.5 
G29.9 a) 15 ±5 1.0 

NOTE.—Errors are la 
a) Optically thin, ratio calculated in the thin limit 

When the '^C/'^C ratios from the three remaining sources are plotted with the 

previous data, as shown in Figure 27, the new sources support the previous gradient. The 

published data are shown by open squares, and the three new sources by filled circles. 

The slope and intercept of the line have changed slightly, but are within the errors of the 

fit. The previous fit was = (4.7 ± 1.2)Dqc + (12.8 ± 9.0), and the new fit, including 

W31, G29.9, and G19.6, is = (4.8 ± 1.2)DGC + (11-5 ± 8.0). These results confirm 

the observed gradient, but more sources, especially at the outer edge of the Galaxy, 

would improve the fit. In addition, observations of the N = 2 -> 1 transition of CN and 

'^CN would help constrain the optical depths and isotope ratios. 
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Table 4; Summary of New CN Observations 

Source Isotopomer Component TR*(K) AVi/2(km/S) VLSR (km/s) 

G49.2 

a =19''20"43.3' 
6= 14°10'50" 

'CN 

W31 

a=18''06'"21.9' 
8 = -20°20'00" 

G19.6 

a =18''24"'50.2' 
8 = -ll°58'36" 

G35.2 

a=18''59'"15.3' 
6 = 01°08'29" 

G29.9 

a=18''43'"31.2^ 
6 = -02°44'55" 

'CN 

'CN 

^CN 

'^CN 

'^CN 
''CN 

'CN 

'CN 

'CN 

F=3/2^1/2 
F=5/2-^3/2 
F= 1/2^ 1/2 
F=3/2-^3/2 
F= 1/2-^3/2 

F=3^2 
F=2^1 
F=l^l 

F=3/2^1/2 
F=5/2^3/2 
F=l/2->l/2 
F=3/2^3/2 
F=l/2-»3/2 

F=3^2 
F=2-^l 
F=1^0 
F=l^l 
F=2^2 

F=5/2^3/2 
F= 1/2^ 1/2 
F=3/2-^3/2 

F=3-»2 
F=3/2^1/2 
F=5/2-^3/2 
F=l/2^1/2 
F=3/2^3/2 
F=l/2->3/2 

F=3->2 
F=2^1 
F=l-^0 

F=3/2^1/2 

F=5/2-^3/2 
F=l/2->l/2 
F=3/2^3/2 
F= 1/2^3/2 

F=3^2 
F=2->1 
F=1^0 
F=l-^1 

0.308 ± 0.03 
0.326 ± 0.01 
0.127 ±0.01 
0.189 + 0.01 
0.064 ± 0.02 
0.056 ±0.01 
0.028 ± 0.01 
0.025 ±0.01 

0.508 
1.340 
0.378 
0.629 
0.112 
0.081 
0.027 
0.021 
0.024 
0.013 

0.441 
0.169 
0.235 
0.028 
0.355 
0.489 
0.218 
0.247 
0.036 
0.032 
0.022 
0.213 

0.527 
0.783 
0.189 
0.342 
0.089 
0.032 
0.029 
0.011 
0.008 

±0.03 
±0.03 
±0.04 
±0.03 
±0.04 
±0.01 
±0.01 
±0.01 
±0.01 
±0.01 

±0.02 
±0.02 
±0.02 
±0.01 
±0.01 
±0.02 
±0.02 
±0.02 
±0.02 
±0.01 
±0.01 
±0.48 

±0.02 
±0.14 
±0.02 
±0.02 
±0.02 
±0.01 
±0.01 
±0.01 
±0.01 

8.17 ±0.6 
8.17 ±0.3 
7.95 ±0.7 
6.88 ± 0.4 
4.21 ±0.9 
3.24 ±0.5 
3.32 ±0.6 
2.81 ±0.6 

7.31 ±0.4 
5.69 ±0.1 
4.54 ± 0.4 
5.93 ±0.3 
4.36+1.2 
7.21 ±0.8 
4.92 ± 1.5 
5.99 ± 1.3 
2.97 ± 0.7 
2.91 ± 1.4 

9.98 ±0.5 
10.9 ±0.5 
9.34 ±0.3 
8.66 ±0.6 
8.03 ± 0.4 
4.55 ± 0.2 
4.70 ±0.3 
5.05 ±0.3 
3.73 ± 1.6 
3.46 ± 0.5 
3.27 ± 0.7 
2.68 ± 1.4 

6.23 ± 0.3 
4.20 ± 0.3 
5.99 ±0.5 
5.74 ±0.3 
3.29 ± 0.7 
4.70 ± 0.8 
6.18 ± 1.3 
5.82 ± 1.5 
8.28 ± 3.8 

65.02 ± 0.3 
64.61 ±0.1 
66.51 ±0.3 
66.38 ± 0.2 
65.58 ±0.4 
66.95 ±0.1 
66.62 ± 0.3 
66.83 ± 0.3 

8.61 ±0.2 
8.71 ±0.1 
8.34 ± 0.2 
8.98 ±0.1 
9.67 ± 0.4 
9.13 ±0.4 
8.58 ±0.8 
9.30 ±0.5 
9.62 ±0.3 
8.15 ±0.6 

41.43 ±0.1 
40.55 ± 0.2 
42.32 ±0.1 
40.50 ± 0.3 

41.49 ±0.2 
41.58 ±0.1 
42.86 ±0.1 
42.87 ±0.1 
42.75 ± 0.7 
43.04 ± 0.2 
43.35 ±0.3 
42.80 ± 0.7 

101.71 ±0.1 
102.93 ±0.1 
102.30 ± 0.2 
101.22 ±0.1 
101.61 ±0.3 
101.59 ±0.5 
102.01 ± 1.5 
101.61 ±0.6 
99.57 ± 1.5 
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Figure 22: Spectra of CN and Observed Toward G49.2 
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Figure 23: Spectra of CN and '^CN Observed Toward W31 
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Figure 24: Spectra of and '^CN Observed Toward G19.6 
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Figure 25: Spectra of CN and '^CN Observed Toward G35.2 
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Figure 26: Spectra of CN and '^CN Observed Toward G29.9 
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12 

Measurement of SH^ 

The newly-constructed velocity modulation spectrometer was used to measure the 

N = 0 ^ 1 transition of SH"^ (X^2"), which had previously only been observed by laser 

magnetic resonance (LMR) spectroscopy (Hovde & Saykally 1987). Details of these 

results are given in Appendix C. This section is a detailed quantum mechanical analysis 

of the SH^ spectra, which was not included in the manuscript due to space constraints. 
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Quantum Mechanics of Molecules in States 

The SH^ data were fit using Hund's coupling case b), in which the rotational 

angular momentum N couples with the spin angular momentum S to form J, the total 

angular momentum excluding nuclear spin. The effective Hamiltonian (ignoring 

centrifugal distortion) consists of rotation, spin-rotation, and spin-spin components: 

= BN'  +  Y(N-S)+FM3S' -S ' )  

Thus, in the case when S = 1, each rotational level is split into three fine-structure levels, 

with J taking on the values of N, N+1, and N-1. The energies of these levels are given by 

(Townes & Schawlow 1975): 

E(J= N + l)= B„N(N + 1)- ^^^^"^^^ + y(N + 1) 
°  2N+3  

E(J=  N)=  BON(N +  L)  (12)  

E(J=  N-l)= BNN(N + l)- +yN 
° 2N-1 

The relative splitting of the levels thus depends on the signs and values of X and y. The 

selection rules are AN = ±1,AJ = ±1 orO (weaker). 

In molecules containing an atom with nuclear spin (I 0), hyperfine interactions 

can arise which split the fine structure levels even further. In Hund's coupling case b^j, I 

couples with J to give the total angular momentum F. Since A =0, only the hyperfine 

constants bp and c are needed, and the general expression for the energy levels when S = 

1 is: 
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E,,(J=N+1) = b c 
I-J 

N + l"^(N + l)(2N+3) 

(13) 

where: 

^ F(F+1)-J(J+1)-1(1+1) 
(14) 

2 

The selection rules for F are AF = ±1 or 0 (weaker), with the strongest transitions 

occurring when AF = AJ = +1. Using SH^ as an example, the spin of the hydrogen atom (I 

= 1/2) splits each J level into two, with F = J ± 1/2. Figure 28 shows the energy-level 

diagram of SH^ for the N = 0, 1, and 2 rotational levels, including both fine and hyperfine 

interactions. The electric-dipole allowed transitions are shown by arrows. 

Zeeman Ejfects for Hund's Coupling Case b^j 

The energy levels of a ^2 molecule can be split even further in the presence of an 

external magnetic field. As mentioned in Appendix C (Savage, Apponi & Ziurys 2004), 

the weakest hyperfine component of the J = 1 —»• 2 fine-structure transition showed 

Zeeman splitting from interactions with the Earth's magnetic field, which is 

approximately 0.6 G. In the case of a weak external field such as this, the coupling 

between I and J is not perturbed. The field splits the hyperfine energy levels into integer 

values of F .. .-F, which are labeled with the quantum number Mp. If the magnetic field is 

parallel to the direction of propagation of the radiation, the selection rules are AMp = 0. If 

it is perpendicular, AMp = ±1 transitions are observed. Figure 29 shows this additional 
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splitting, as well as the allowed transitions for the N = 0 and 1 levels. In the case of SH"^, 

the experiment is set up in a roughly east-west orientation, so transitions due to Zeeman 

effects from the Earth's magnetic field should obey the perpendicular selection rules. 

The frequencies and intensities of these transitions can be calculated from the g-

factors given by (Hovde & Saykally 1987). The splittings are very small, so most of the 

lines become blended together. However, as shown in Figure 30, the J = 1 2, F = 3/2 

3/2 transition will resolve into two peaks separated by ~ 2 MHz, as observed 

experimentally. In addition, the doublet collapsed into a single line with approximately 

twice the original intensity when the cell was covered with [A-metal, which cancels out 

the Earth's magnetic field. The experimental spectra are shown in Figure 31. The J = 1 —» 

0, F = 1/2 1/2 transition is predicted to have the same type of splitting, and this loss of 

intensity may be why this line was not detected. In addition, the predicted Zeeman 

broadening in the J = 1 2, F = 1/2 3/2 line explains the observations of this line, 

which was consistently wider than the nearby F = 3/2 5/2. 
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metal shield (bottom panel) 
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Second-Order Ejfectsfor X and y 

As described in the previous section, the Sff lines were fit to a case b) 

Hamiltonian incorporating spin-rotation (expressed by y) and spin-spin (with the constant 

?^) interactions. Both X and y are composed of pure first-order spin-spin or spin-rotation 

interactions and second-order spin-orbit effects due to perturbations from the A^Il state. 

If the interactions are purely first-order, y should scale with the rotational constant. In the 

case of SH"", we can compare with the isoelectronic molecule Off, studied with LMR by 

(Gruebele, Muller & Saykally 1986). For this molecule, BQ = 492.34621 GHz, A, = 

64.2429 GHz, and y = -4.53476 GHz. If we scale the value of y down for Sff, it should 

be ~ 2.5 GHz. This value is much different from that observed (4.9727 GHz). It is 

therefore clear that second-order effects are dominating. The second-order contribution to 

A, can be estimated from the spin-orbit constant (A) of the state, as given by 

(Lefebvre-Brion & Field 1986): 

2A'('n) 

E('r)-E('2-) 

For Sff, the A value of the state is -216.6774 cm"', and the energy difference between 

the '2^ and ^2" states is 30345.05 cm"' (Rostas et al. 1984). Therefore, the spin-orbit 

contribution to X is 3.094 cm"' or 92.8 GHz. For Off (A = -83.83 cm"', AE = 28438.55 

cm"': (Merer et al. 1975), an identical calculation yields = 0.494 cm"' or 14.8 GHz, 

nearly an order of magnitude smaller. The difference between Sff and OH^ therefore lies 

in the spin-orbit parameter A for the nearest state, which is larger for Sff. This 
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increase probably reflects the larger spin-orbit constant of atomic sulfur relative to 

oxygen (Lefebvre-Brion & Field 1986). 

Second-order effects in y are a bit more complicated, and must be calculated from 

the following matrix elements (Brown et al. 1979): 

{V.-V.,} S 2 SJS 2 + 1 

n A 2 |L_|n' A + 1 I.j(n' A + 1 2 |Hjn A 2 + 1 

+/n A 2 |h In' A-1 2 + lVn' A-1 2 + 1 IlIH A 2 + 1 

(16) 

In this expression, B is the rotational constant and V„ and V„. are the energies of the n and 

n' electronic levels. For SH'^, the ground ^2' state is designated as n, and the perturbing 

A^n state is n'. Thus, only those operators which will raise a 2 state to a 11, or lower a 11 

to a 2, will give nonzero elements. Thus, the second term in the numerator goes to zero. 

The expression now becomes: 

Yf-2B2. 
n A 2 L n' A + 1 2Vn' A + 1 2 H„n A 2+1 

{V„-V„,} S 2 S S 2 + 1 

Evaluation of the term involving the L-lowering operator is straightforward: 

n A 2 L n' A + 1 2 

= '2 0 2 L r n  -1 2 

= 4L(L + 1)-(A + 1)A] 

=V2/j 

(17) 

(18) 

Similarly for the S-lowering term: 
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2 |S_|S 2 + 1^ 

= 4S(S + l)-(2 + l)2f' 

= V2^ if 2 = -l 

= V2/j if 2 = 0 

= 0 if 2 = 1 

(19) 

The spin-orbit term, however, is a bit more complex. The spin-orbit Hamiltonian 

is a one-electron operator, so in the case of two unpaired electrons, we must consider 

each electron separately and add the results. Fortunately, in going from the ground ^2 

state to the excited ^n, only one electron is promoted. The electron configurations are: 

...4o^5o^2k^ (^2) and ...4a^5a'2n:^ (^n). Since the 5a and 2jt molecular orbitals arise 

from the sulfur 3p atomic orbital, the one-electron wavefunctions are I pjt > for the ^2 

state, and I pa> in the configuration. The single-electron spin-orbit Hamiltonian is; 

Where ^ is the atomic spin-orbit coupling constant. Since we are in the molecule-fixed 

frame, there is no angular momentum along the z-axis, so that term drops out. The full 

expression thus becomes: 

The one-electron l-raising and lowering operators operate on p-electron wavefunctions as 

follows (Lefebvre-Brion & Field 1986): 

(20) 

(21) 

(22) 
= ^|2h\po) ^^|pTt"^^ = 0 
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The s-raising and lowering operators only change the spin part of the wavefunction: 

s_|a) = /i||3) 

s,|p)-/i|a) 

S-|P> = 0 

s^|a) = 0 
(23) 

We can now calculate the full expression: 

n, pa|i^(/,s_ + ^_sj|'2, pjt) = (24) 

Now we can solve for 

Y'.'; = -2B 
{E('2-)-E('n)}(2V2/i) 

-^nXB 

E('2-)-E('n) 

(25) 

E(^2") - E(^n ) is the energy difference between the ground and the A ^11 states (30,345 

cm"': (Rostas et al. 1984). Using BQ = 9.1 cm ' and ^(S) = 382.4 cm"' (Lefebvre-Brion & 

Field 1986), y® for Sff is approximately -0.162 cm"', or -4.86 GHz. This calculation 

indicates that the second-order contribution dominates the value of y. 
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CONCLUSIONS 

Studies of chemistry in the interstellar medium have a long history, of which this 

work is but a small part. The astronomical observations which contributed to this 

dissertation have resulted in the detections of AINC and KCN in the circumstellar 

envelope of IRC+10216, the prototypical late-type carbon star. Identifications of the 

fourth and fifth metal cyanides indicate that interstellar molecules may preferentially 

exist in this form, a fact which needs to be considered in future chemical models. In 

addition, results from studies of CN, '^CN, HCO^, HOC^, and CO"^ in photon-dominated 

regions have shown that these environments are indeed chemically unique, with 

conditions that produce isotope and isomer ratios that are markedly different from those 

observed in molecular clouds. PDRs thus are a logical place to search for new interstellar 

molecular ions. 

The search for new molecular ions must begin in the lab, however, with 

measurements of their rotational transition frequencies. This dissertation work has 

resulted in a unique new spectrometer to perform this task. The fusion of velocity 

modulation with millimeter-wave direct absorption techniques provides the means to 

measure the spectra of molecular ions free from contaminating lines of neutral species. 

The effectiveness of this new instrument has been shown by the measurement of the N = 

0^1 transition of Sff, which had previously only been observed through laser 

magnetic resonance. Combined with astronomical observations, this instrument offers 

continuing opportunities for the study of interstellar molecular ion chemistry. 
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Abstract 

We have detected HOC^ and CO"^ in NGC 2023 and S140, two well-studied photon-

dominated regions. HOC^, the metastable isomer of HCO^, is thought to be enhanced in 

PDRs due to high abundances of and CO^ in these objects. Although the correlation 

between HOC^ and CO"^ abundances has been predicted for some time, these are the first 

simultaneous observations of HCO^, HOC"^, and CO^. Neither of the sources observed 

show a significant enhancement of HOC", although geometric effects may be responsible 

for these results. The [HCO^/[HOC^] ratios are ~ 11610 in S140 and ~ 2446 in NGC 

2023. However, in the two new sources, as well as in the Orion Bar, the abundances of 

HOC^ and CO"^ appear to be linked. The [CO^/[HOC'^] ratio in all three sources is ~ 1-2. 

In addition, a lower [HCO^/[HOC'"] ratio is correlated with a lower [HCO"^]/[CO'^] ratio. 

Mapping of HOC^ in Orion Bar supports these results, indicating that there is a spatial 

correlation between HOC^ and CO'*' as well. 
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1. Introduction 

One of the newest frontiers in astrochemistry is the study of photon-dominated 

regions (PDRs). These regions are produced when high-energy (>13.6 eV) far-ultraviolet 

radiation from OB stars reaches the edge of a molecular cloud, creating material 

dominated by photodissociation and photoionization (Sternberg & Dalgamo 1995). This 

unusually energetic environment leads to high abundances of atomic species such as 

and Si"^, as well as unusual molecular ions such as OH"^, CN^, and CS"^. 

The open-shell ion CO^ figures prominently in theoretical studies of PDR 

chemistry (e.g.(Stemberg & Dalgamo 1995; Tielens & Hollenbach 1985). In fact, 

Sternberg and Dalgamo (1995) cite the [HCO'^]/[CO'*'] ratio as a diagnostic of chemical 

zones within PDRs. CO^ is formed in PDRs primarily from singly ionized carbon: 

C^ + OH^OT + H (1) 

Or, less efficiently, by: 

CO + Hj^^CO^ + H (2) 

In molecular clouds, most of the carbon exists as CO, and Hj is not readily 

ionized. Therefore, the abundance of CO"^ is expected to be negligible. Furthermore, the 

direct photoionization of CO is not likely, since its ionization potential is much larger 

than 13.6 eV. The fact that CO^ has thus far only been detected in PDR sources suggests 

that this molecule is indeed an important tracer of these highly energetic regions. 

Another molecule which may serve as a PDR indicator is HOC^. In molecular 

clouds, HOC^ and HCO"^ are formed by: 
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Hj^ + CO 
HCO^ + H 

HOC^ + H 
(3) 

The branching ratio of this reaction is somewhat controversial (e.g.(Jarrold et al. 

1986), but the consensus is that HCO^ is formed preferentially. In addition, HOC^ is 

rapidly converted to HCO^ by reacting with Hj (Smith et al. 2002). These processes lead 

to an overabundance of HCO^ in molecular clouds, where the [HCO^]/[HOC^] ratio is 

measured to be in the range of 2000-6000 (Apponi & Ziurys 1997). In PDRs, HOC^ can 

also be formed by (Freeman & McEwan 1987): 

The branching ratios for these reactions are much more favorable for the production of 

HOC^. Reaction (4) produces 84% HOC^, while reaction (5) produces 48%. Given the 

enhancement of both CO^ and in PDRs, HOC^ is also predicted to be enhanced in 

these regions. 

Observational constraints have only recently begun to be placed on this chemical 

network. (Apponi, Pesch, & Ziurys 1999) found the abundance of HOC^ relative to 

HCO"^ to be enhanced in the Orion Bar, where [HCO^/[HOC^] ~ 270. In addition, the 

ratio in SgrB2(0H) was found to be ~ 360 (Ziurys & Apponi 1995). However, 

observations toward M17SW and NGC 2024, two well-known PDRs, produced ratios of 

2260 and 900, respectively. Recently, observations of all three ions have been carried out 

toward a few sources (Fuente et al. 2003; Rizzo et al. 2003). HOC^ was found to be 

enhanced in Mon R2, a nearby ultracompact HII region, with [HCO^]/[HOC^] ~ 460. 

+ HjO ^ HOC^ + H 

CO^ + H2 ^ HOC^ + H 

(4) 

(5) 



CO^ was also detected in this object, which seems to support the connection between 

these two molecules. 

In order to continue compiling a statistical sample of the HCOVHOC"^ ratio in 

PDRs, we have observed these molecules in S140 and NGC 2023. In addition, we have 

attempted to test the proposed mechanism for HOC^ enrichment by observing CO"^ in 

these sources. In order to further explore this chemical network, we have mapped HOC^ 

and observed CO^ in the Orion Bar, where HOC^ is known to be enhanced (Apponi et al. 

1999), and searched for HOC"^ in NGC 7023, where there is a high abundance of CO^ 

(Fuente & Martm-Pintado 1997). 

2. Observations 
The data were taken over several observing runs during December 1998 - March 

2004 using the 12-meter radio telescope at Kitt Peak, Arizona'. Two different receivers 

were employed for 1mm and 3mm observations. Both receivers were dual-channel 

cooled SIS mixers operating in single-sideband mode with about 20 dB image rejection. 

The backends employed were two 256-channel filter banks with different spectral 

resolutions configured in parallel mode (2 x 128 channels) for the two receiver channels. 

For S140, the resolutions used were 100/500 kHz at 3mm and 250/500 kHz at 1mm. For 

NGC 2023, NGC 7023, and Orion Bar, 100/250 kHz resolutions were used at 3mm, and 

250/500 kHz at 1mm. Data were taken in position-switching mode with the off position 

30' west in azimuth, and local oscillator shifts were performed for every measurement. 

' The Kitt Peak 12m telescope is currently operated by Steward Observatory (The University of 
Arizona), with support from the National Science Foundation and the Research Corporation. 
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3. Results 
We have detected HOC^ and CO^ in two new sources, SI40 and NGC 2023. In 

both sources, we observed the J = 1 ̂  0 transition of HOC^ at 89 GHz, both the and 

'^O isotopomers of HCO^, and the two fine-structure components of the N = 2 1 

transition of CO^ at 236.1 and 235.8 GHz. Figure 1 shows the HCO"^ and HOC^ spectra 

observed in S140. The HCO"^ lines are quite strong, and in fact are more intense than the 

corresponding lines in the Orion Bar (Apponi et al. 1999). The HOC^ line, in contrast, is 

weaker than the J = 1 ^ 0 line observed in dense molecular clouds (Apponi & Ziurys 

1997). Figure 2 presents the spectra of the two spin-rotation components of CO^. This 

molecule has been searched for previously in SI40 by Storzer et. al. at 236 GHz, but was 

not detected within a noise level of 30 mK As our data show, the CO^ line temperatures 

are in fact about 10 mK. Although both components are present, the spectra show an 

anomalous line intensity ratio. The ratio of the two components measured in the 

laboratory is approximately 2:1, with the J = 5/2 ^ 3/2 stronger (Sastry et al. 1981). 

However, in our spectra the lines are about equal intensity. There are no contaminating 

lines, either in the signal or image sidebands, which could be blended with the J = 3/2 

1/2 component. Furthermore, the lines are too weak to consider opacity effects. Since 

the lines are so narrow (~ 1 km/s, or 3 channels in the 250 kHz filterbank), it is difficult 

to say whether these intensities are real or an artifact of the instrumentation. 

Figure 3 shows the HCO^ and HOC^ spectra observed toward NGC 2023. The 

HCO^ lines in this source are about a factor of 3 weaker than those observed in S140, but 

are still stronger than the lines observed in Orion Bar. However, the HOC^ line in this 
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source is a bit stronger than in S140, and is comparable in intensity to the molecular 

cloud observations of this transition. The CO"^ spectra are presented in Figure 4. The 

stronger component is blended with '^CHjOH, as indicated. However, the J = 3/2 1/2 

line is uncontaminated, and the intensity ratio of the components is ~ 2:1, as expected. 

In addition to SI40 and NGC 2023, we observed two other sources in order to 

obtain a consistent set of measurements for our calculations. In NGC 7023, we measured 

the J = 1 ^ 0 transition of H'^CO^, but did not detect HOC"^ within a noise level of 4 mK. 

As the antenna temperature of the H'^CO"^ line was only ~ 0.2 K, we did not search for 

the HC'^O^ isotopomer. We also re-observed the N = 2 ^ 1, J = 5/2 -> 3/2 transition of 

CO^ at 236.1 GHz detected by Fuente. We also observed this transition of CO^ in Orion 

Bar in order to compare with our previous observations of HOC^. Previous 

measurements of this ion (Storzer, Stutzki, & Sternberg 1995) show normal line intensity 

ratios, indicating it is not contaminated by '^CHjOH. Source coordinates and line 

parameters for all observations are given in Table 1. 

In order to test for a spatial correlation between HOC^ and CO^, we conducted 

observations of the J = 2 ^ 3 transition of HOC^ at several positions throughout the 

Orion Bar. A map of these results is shown in Figure 5. The HOC^ spectra are overlaid 

with CO^ spectra from the map of (Storzer et al. 1995). As shown in the map, the HOC^ 

emission extends throughout the cloud. However, the lines are stronger along the Bar, 

which extends from positive RA and Dec offsets to negative. This enhancement is also 

seen in CO^, with both molecules showing the strongest emission at an offset slightly 

positive in RA and Dec. from the center of the Bar. The line intensities of both 
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molecules decrease as the offsets increase. The similar distributions of HOC^ and CO^ in 

Orion Bar suggest that these molecules participate in the same chemistry. 

4. Analysis 

i. Column Density Calculations 

Column densities for all species were calculated in the optically thin limit, using 

the following formula: 

N, 3 (6) 
87EVy[l-(Jbg/Jrot)] 

Where Tr is the radiation temperature, and AV,/2 is the FWHM linewidth. The 

dipole moment matrix element is expressed as = (J+l)^oV(2J+l), where is the 

permanent dipole moment of the molecule (4.0 D for HCO"^, 2.8 D for HOC^, and 2.8 D 

for CO^). The Rayleigh-Jeans coefficients are expressed as Jj = (hv/k)[l/(e''^"'^ - 1)], 

substituting the background temperature, T^g (2.73K), and the rotational temperature, T„t 

(15K), to obtain J|,g and respectively. The total column density is then given by: 

N, (2J + l)exp(-AE^,/kT,J 

N t ^rot 

Where AE is the energy of the /th level above ground and is the rotational 

(7) 

partition function. The column densities thus derived are given in Table 2. In addition to 

the two new sources, column densities from previous observations of M17SW, and Orion 

Bar are listed. If a column density was not given in the paper, it was calculated in the 

same manner as our observations using the given line parameters. 

a. Abundance Ratios 
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Since HCO^ emission is usually optically thick, calculations of the 

[HCO^]/[HOC'^] ratio are usually conducted via measurement of the isotopomer of 

HCO^, as described by (Ziurys & Apponi 1995). In order to obtain the ratio, the line 

temperatures of HC'^O^ and HCO^ are directly compared, then corrected by the 

ratio, which is given by (Wilson 1999): 

'®0/"0 = (58.8 ± 11 .8)Dgc + (37.1 ± 82.6) (8) 

Where DQ^ is the distance from the galactic center. It should be noted that the 

Galactocentric distances used in our calculations are slightly different than those in 

previous publications, due to an improved determination of the distance between the 

Earth and the Galactic bulge (McNamara et al. 2000). The [HCO^]/[HOC^] ratios are 

given in Table 3. 

CO^ is an open-shell molecular ion with a ^2 ground state, while HCO^ and HOC^ 

are closed-shell. This differing energy-level structure means that a direct comparison of 

antenna temperatures cannot be made to calculate abundance ratios. Furthermore, CO^ 

was observed in the N = 2 —»• 1 transition and the other molecules in the J = 1 -»• 0. The 

abundance ratios were therefore computed from the total column densities for each 

molecule, i.e. [C01/[H0C1 = (CO")/N,„,(HOC^). The [HC01/[C01 ratios were 

computed from HC'^0'^, correcting the total column density for the appropriate isotope 

ratio. [HCO^/[COT and [CO^/[HOCT ratios are given in Table 3. 

5. Discussion 

i. New Detections ofHOC^ and CO* 

The detection of the J = 1 -»• 0 transition of HOC^ in SI40 and NGC 2023 is the 



first time this molecule has been identified in either source, indicating that the ion is 

indeed prevalent in molecular clouds. The observations of S140 give a [HCO^/[HOC^] 

ratio of 11610, while the value in NGC 2023 is 2446. Thus, HOC^ is not particularly 

enhanced in either object. In fact, the ratio of 11610 observed in SI40 is the highest 

[HCO'^]/[HOCT ratio yet observed. Previously, the upper limit was 6000, in W3(0H) 

(Apponi & Ziurys 1997). This value indicates the presence of ambient, non-PDR gas, 

which favors HCO^. Maps of CI emission (e.g. (Minchin, White, & Padman 1993) show 

the PDR as a thin (~ 20 arcsec) ridge in the midst of the surrounding molecular cloud. As 

the beamsize of the 12-meter at 89 GHz is ~ 60", the observed ratio is necessarily an 

average of the PDR value and the dense cloud value. Observations made with a smaller 

beam (at higher frequencies or with an interferometer) are needed to determine the HOC^ 

abundance exclusively in the PDR. 

The [HC01/[H0C1 ratio of 2446 found in NGC 2023, on the other hand, is on 

the lower end of the range of values found in molecular clouds. It is interesting to note 

that this ratio is very close to that found in M17SW, where [HCO'']/[HOC^] ~ 2260 

(Apponi et al. 1999). Although both sources are well-known PDRs, HOC^ is not 

particularly enhanced. Although beam-filling effects may again be a factor in these 

sources, perhaps the mechanism for HOC^ enrichment in PDRs is more complicated than 

previously thought. 

The two fine-structure components of CO^ were also detected in both sources, 

continuing the trend of observations of this ion exclusively in PDRs. Although both 

SI40 and NGC 2023 have lower densities and UV fields than the prototypical Orion Bar, 



the ionizing conditions are sufficient to produce CO"^ in measurable quantities. The 

presence of CO"^ in PDRs of varying conditions confirms that this molecule is an 

important indicator of these unique chemical environments. Furthermore, it may play a 

key role in ion-molecule reactions that are thought to occur exclusively in PDRs. 

ii. Comparison with Theoretical Models 

It is difficult to make direct comparisons between observational results and 

theoretical models of PDRs, since the models are dependent on assumed values for gas 

density, temperature, and UV flux. In addition, there are no models which predict HOC^ 

abundances. However, we can make qualitative comparisons. The most comprehensive 

model of PDR chemistry is that of (Sternberg & Dalgamo 1995). The authors present 

several chemical networks, and predict the abundances of 68 atomic and molecular 

species using 772 chemical reactions, as well as photodissociation and electron 

recombination. Although this model does not include HOC"^, it considers HCO^ and CO^, 

using the [HCO^]/[CO^] ratio as an indicator of different chemical "zones" within the 

PDR. As shown in Table 4, the model over-predicts the fractional abundances of both 

species, but the difference is greater for CO^. The predicted abundance for CO'^ is ~ 10"'' 

in the PDR, while our observations show 6 xlO " - 5 xlO"'^ (except for NGC 7023, whose 

high CO"^ abundance will be explained later). This discrepancy is directly manifested in 

the resulting [HCO^]/[CO^] ratio, which is predicted to be ~ 20. Observations of the 

Orion Bar, the lowest ratio observed, show [HCO^]/[CO^] = 63. 

The overabundance of CO^ in the model may be due to the absence of HOC^. As 

shown in Figure 5, CO^ reacts with Hj to form either HCO"" or HOC^. Since this reaction 
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produces HOC" in a 48% branching ratio, it should not be overlooked as a removal 

mechanism for CO"^. Future chemical models may have to consider HOC^ in order to 

reproduce the observed CO^ abundances. 

Hi. CO^ and HOC*: A Correlation Through C*? 

Although neither SI40 nor NGC 2023 shows an enhancement of HOC^, there 

seems to be a correlation between HOC^ and CO^ abundances. As shown in Table 3, as 

the [HCO^]/[HOC''] ratios decrease, the [HCO^]/[CO'^] ratios are also lower. The 

exception is NGC 7023, which will be discussed later. This is consistent with our 

chemical network, which predicts that CO^ leads directly to HOC^. Further confirmation 

of this relationship is seen in the [CO'^]/[HOC"^] ratios, which are ~ 1-2 in S140, NGC 

2023, and the Orion Bar. The agreement between HOC^ and CO"^ abundances can be 

explained by their common progenitor, C*. As shown in Figure 6, HOC^ can be formed 

from CO^, but is also produced by the reaction of C^ and H2O. HCO^ is also produced in 

this manner, but the branching ratio is only 16% HCO^. Thus, the presence of CO^, 

produced by C^, seems to be the dominant mechanism for HOC^ enhancement in PDRs. 

iv. NGC 7023: An Anomalous Source for Ions 

The observed correlation between CO"^ and HOC^ does not hold in NGC 7023, 

which is a low-density reflection nebula. CO'^ was readily detected in this source, with a 

column density (3.4 x 10'" cm"^) only slightly lower than that observed in either SI40 or 

NGC 2023. However, we did not detect HOC^ in this source. The column density of 

HCO^ in this source is also lower than that observed in the two new sources. This 

anomaly can be explained by returning to the formation reaction for HCO"" and HOC"^, 



81 

which involves not only CO^ but Hj. As shown in Table 4, the column density of Hj in 

NGC 7023 is 3 X 10^° cm"^ (Buss et al. 1994), the lowest of the listed sources, and an 

order of magnitude smaller than that of NGC 2023, the next lowest. Therefore, while the 

fractional abundance of CO^ relative to H2 is high, this is a result of the low column 

density of Hj. Clearly, there is not sufficient H2 to produce significant amounts of either 

HCO^ or HOC^, and the HCO^ observed must be that of the ambient cloud. 

6. Conclusions 

We have detected both HOC^ and CO^ in two new PDR sources, indicating the 

prevalence of molecular ions in these regions. Although neither SI40 nor NGC 2023 

shows significant enhancement of HOC^ or CO^ relative to HCO^, the abundances of 

these ions seem to be linked. By observing all three ions simultaneously, we have for the 

first time demonstrated that the HOC^ enrichment in sources such as the Orion Bar is due 

to the high abundance of CO^. However, our observations of NGC 7023 indicate that 

large amounts of CO^ are not the only consideration; a sufficient amount of molecular 

hydrogen must also be present to produce HOC^. 

It is clear that investigations of chemical networks such as this are fundamental to 

the understanding of PDRs. Current models predict similar enhanced abundances for 

molecular ions such as Sff, CS^, and HCN^. However, the laboratory rest frequencies 

are known for only one of these species (SH^, Savage, Apponi & Ziurys 2004, ApJ, 

accepted). The inherent instability of molecular ions, especially open-shell species, 

makes synthesis and spectroscopy difficult. Nevertheless, spectral measurements of these 

ions are the crucial first step towards their interstellar detections, which will lead to a 
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better understanding of PDR chemistry. 
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Table 1: Summary of Observations 

Source Coordinates"^ Species Transition V (MHz) LIE T/ (K) AVI/2 (km/s) VLSR (km/s) 
S140 a=22''17'"42^ H"CO" J= 1^0"^ 86754.30 0.89 1.18 + 0.03 2.9 + 0.1 -7.1 ±0.3 

6=63°03'45" HC^'O" 1=1-^0"^ 85162.26 0.89 0.121 ±0.01 2.7 ±0.1 -7.0 ±0.1 
HOC" J= 1^0"^ 89487.40 0.89 0.005 ±0.001 2.2 ± 1.0 -7.4 ± 0.4 

+
 

O
 

u T
 II 2: 

J= 5/2^3/2^^ 236062.55 0.45 0.011 ±0.002 1.2 ±0.8 -6.0 ± 0.3 
J= 3/2 ^1/2'^ 235789.64 0.45 0.013 ±0.004 1.1 +0.8 -5.4 ±0.3 

NGC 2023 a=05''39'"7.3^ H"CO" J= l^O'^ 86754.30 0.89 0.664 ±0.01 1.1+0.1 10.0 ±0.1 
6=-2°18'00" HC"0" 1=1-^0''^ 85162.26 0.89 0.048 ±0.01 1.4 ±0.5 9.7 ± 0.2 

HOC" J= 1^0'' 89487.40 0.89 0.010 ±0.002 2.0 ± 1.3 10.4 ±0.5 
CO" II

 
to

 i 

J= 5/2^3/2^^ 236062.55 0.45 0.022 ± 0.003 1.9 ± 1.4 11.9 ±0.6 
J= 3/2 -^1/2^) 235789.64 0.45 0.013 ±0.003 1.9 ± 1.6 11.4 ±0.7 

Orion Bar a=05''32'"53.5^ 

+
 

o
 

u N = 2^ 1 
6=-5°27'10" J= 5/2->3/2'' 236062.55 0.45 0.137 ±0.01 3.1 ±0.5 10.4 ±0.2 

NGC 7023 a=2l''00'"56.r H'^CO" J= 1^0"^ 86754.30 0.89 0.182 ±0.01 1.0 ±0.1 2.6 ±0.1 
6=67°58'26" HOC" J= 1^0"^ 89487.40 0.89 < 0.004 - -

CO" N = 2^ 1 
5/2^3/2"' 236062.55 0.45 0.0157 ±0.005 1.7 + 1.0 3.0 + 0.4 

a) B 1950.0 
b) 500 kHz filterbanks 
c) 250 kHz filterbanks 
d) 100 kHz filterbanks 

00 
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Table 2: Column Densities and Fractional Abundances 

Source Doc (kpc) [''C]/["C] ['®0]/["0] Species N,„, (cm"')'^ fb) 

S140 8.2 -69 -517 H"CO^ 
HC"0^ 
HOC^ 
CO^ 

3.9 ±0.1 xlO'' 
3.8 ±0.2x10" 
2.5 ± 1.2x10'° 
4.0 ±3.0x10'° 

-5x10" 
- 5 xlO " 
- 3 xlO" 
-5x10" 

NGC 
2023 

8.3 -70 -526 H'^CO^ 

HC'O^ 
HOC^ 
CO^ 

8.4 ±0.4x10" 

7.9 ± 1.6x10'° 
4.4 ±3.0x10'° 
6.5 ±5.7x10'° 

-8x10'° 

-8x10" 
-4x10" 
-6x10" 

M17SW 5.8 ~51 -377 Hci^o") 

HOC^'" 
CO^"' 

5.8x10" 
2.0x10" 
1.8x10" 

-3x10"'' 
- 1 xlO" 
-9x10" 

NGC 
7023 

8.0 -68 -508 H"CO^ 

HOC^ 
CO^ 

2.0 ±0.3x10" 

< 6 xlO' 
3.4 ±2.3x10'° 

-7x10"'° 

<2x10" 
- 1 xlO-'° 

Orion 
Bar 

8.3 -70 -524 

HOC^"' 
CO^ 

7.1 xlO'^ 

3.3x10" 
4.3x10" 

-2x10" 

- 7 xlO" 
- 9 xlO" 

a) Assuming = 15 K 
b) Relative to H2 
c) Calculated from line parameters in Apponi et al. 1999 
d) Apponi et al. 1999 
e) Storzer et al. 1995 
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Table 3: Relevant Chemical Ratios^' 

Source [HC01/[H0CT^^ [HC01/[C01^^ [C01/[H0C1^' 
S140 11610 + 2316 4883 ±3603 1.6+ 1.4 

NGC2023 2446 ±480 635 ±604 1.5 ±1.7 

NGC7023 >2100 396 ±270 >5 

2262 121 9.0 

Orion Bar^^ 270 63 1.3 

a) Ratios involving HCO^ are based on HC'^0^, except for NGC 7023, where H'^CO^ 
was used. Those involving CO^ are based on the N = 2 1, J = 3/2 1/2 line, 
except for Orion bar and NGC 7023, which are based on the J = 5/2 3/2 
component 

b) Based on antenna temperature 
c) Based on total column density 
d) HCOVHOC^ ratio and HOC^ column density from Apponi et. al. 1999 
e) CO^ column density from Storzer et al. 1995 
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Table 4: Comparison With Theoretical Models 

SUO NGC NGC M17SW Orion Bar S&D Model 
2023 7023 

N(H2) (cm"^) 8 xlO'' 1 xW 3 xlO'" 2 xlO'' 5 x W 5 xlO" 

/(HCO^) 3x10® 5x10"'° 4x10-1° ^ ^JQ-9 7 xlO " 3x10"' 

/(COO 5x10-1' 7x10" 8x10-1' 9x10"" 5x10-" 1x10-' 

[HC01/[C01 4883 635 396 122 63 20 
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Figure Captions 

Figure 1: Spectra of HC'^0^, H'^CO^, and HOC^ observed towards S140. 

Figure 2: Spectra of the two fine-structure components of the N = 2 -»• 1 transition of 
CO^ observed towards S140. 

Figure 3: Spectra of HC'^0^, H"CO^, and HOC^ observed towards NGC 2023. 

Figure 4: Spectra of the two fine-structure components of the N = 2 1 transition of 
CO"^ observed towards NGC 2023. 

Figure 5: Map of HOC^ and CO^ emission in Orion Bar. The HOC^ spectra are shown 
with thinner lines, and overlaid with CO^ spectra adapted from (Storzer et al. 
1995), which are drawn with the heavier lines. 

Figure 6: The HC07H0C7C0^ chemical network 
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APPENDIX B; "A MILLIMETER/SUBMILLIMETER VELOCITY MODULATION 
SPECTROMETER FOR STUDIES OF MOLECULAR IONS" 

C. Savage and L.M. Ziurys 
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A millimeter/sub-millimeter velocity modulation spectrometer for studies of molecular 
ions 

C. Savage and L.M. Ziurys 

Department of Chemistry, Department of Astronomy, and Steward Observatory, The 
University of Arizona, 933 N. Cherry Ave., Tucson, AZ 85721 

(Received 

Abstract 
A millimeter/sub-millimeter direct absorption spectrometer has been constructed 

that employs velocity modulation to selectively detect molecular ions. The instrument 

consists of a phase-locked Gunn oscillator/Schottky diode multiplier source, a gas 

absorption cell, and an InSb hot electron bolometer detector. The gas cell is a single-pass 

system with two ring-type discharge electrodes at either end, which are connected to an 

RF power supply. Modulation of the AC discharge at a rate of 20 kHz and phase-

sensitive detection at If allows for selective observation of molecular ion signals and 

suppression of absorption from neutral species. Because molecular ions have long 

lifetimes in the millimeter-wave system, which operates at pressures no more than 60 

mTorr, the resulting line shape of the velocity modulated signals is not strictly first 

derivative. These line profiles have been modeled accurately considering a drift velocity 

function that is sinusoidal rather than square-wave. The spectrometer can also be used in 

source-modulated mode, where the signal-to-noise ratio for signals generated in an AC 

plasma are significantly better than for DC discharges. Combining source modulation 

with the AC discharge for signal detection and velocity modulation for ion identification 

provides a powerful technique for molecular ion spectroscopy at 

millimeter/submillimeter wavelengths. This instrument has been used to measure the pure 

rotational spectra of CO^, HCO^, and SH^ with better precision than previous studies. 

PACS Numbers: 07.57.Pt, 82.33.Xj, 82.80.Ha 
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Introduction 
The study of molecular ions is naturally of chemical interest. Many organic 

reactions proceed through ionic intermediates, usually carbocations. The study of these 

reactive species is an active area in organic chemistry, which has resulted in a Nobel 

prize'. Molecular ions are fundamental to the chemistry of the stratosphere as well, 

where species such as NO^, HjO^, and NO3' are abundant and form complex chemical 

networks^. Ionic species are even thought to be the main cause of the carcinogenic 

properties of aromatic amines^. Clearly, studies of the structure and spectroscopy of 

molecular ions have important implications for many areas of chemistry. 

Molecular ions are also of interest to astronomy. The low temperatures and 

densities of the interstellar medium result in longer ion lifetimes, and chemistry that is 

much different than that encountered terrestrially. It is theorized that most of the 

chemistry that takes place in interstellar dust clouds proceeds via ion-molecule reactions'^. 

Many interstellar molecular ions are also found in photon-dominated regions (PDRs), 

clouds of gas and dust located near hot O and B stars. High-energy ultraviolet radiation 

(>13.6 eV) from these stars readily ionizes molecules in the clouds, producing ions such 

as Off, CN^, and CO''^ Identifying and determining the quantities of ions in these 

regions is an active area of astronomical research, primarily accomplished by observing 

molecules via their rotational transitions. 

Observing molecular ions has been the bane of laboratory spectroscopists for 

nearly 30 years. In fact, the J = 1 0 transition of HCO^ near 89.2 GHz was observed in 

the interstellar medium® five years before the frequency was measured in the laboratory^. 
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In the early spectroscopic work on ions employing DC glow discharges, it was found 

that the absorption signals of these species were slightly Doppler shifted (~100 kHz) due 

to the drift velocity of the charged species toward the electrodes^. By reversing the 

discharge polarity, this shift could be measured and used to correct to the rest frequency. 

The presence of a Doppler shift also served to identify signals which were due to ionic 

species. This basic technique has been used by several groups to measure the millimeter-

wave spectra of ions such as HOC"^^ and HCNH^'. However, since ions constitute only a 

few percent of the molecular population in a discharge, their weaker spectral lines can be 

swamped by signals from neutrals. Hence, in order to efficiently measure the spectra of 

ionic molecules, one must use a system which can selectively detect these species. 

Since its introduction in 1983^°, infrared velocity modulation has been used 

extensively to measure the ro-vibrational spectra of molecular ions, including Hj^", OH" 

and HCr'\ This technique uses an AC electrical discharge to produce the molecular 

ions, and diode lasers as radiation sources in an absorption experiment. Doppler shifts 

due to the movement of ions within the plasma produce absorption signals which are 

modulated at the frequency of the discharge (typically 5-25 kHz). These signals are 

detected by a hot electron bolometer, and lock-in demodulation at the discharge 

frequency effectively screens out signals from neutral species, ensuring that the observed 

lines are due to ions. Improvements have subsequently been made to this method, such 

as double-modulation''*, in which the laser is amplitude modulated as well, and two lock-

in amplifiers are used to demodulate the spectra. Recently, this technique has been 

expanded to the visible region through the use of optical-heterodyne magnetic rotation 
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enhancement'^. This method incorporates FM-modulated dye lasers as the radiation 

source along with magnetic confinement of the ions to enhance sensitivity in the visible 

region. 

In this paper, we report the construction of a new type of millimeter-wave direct-

absorption spectrometer that employs velocity modulation to distinguish the signals 

arising from ionic species from those of neutrals. To our knowledge, this instrument is 

the first of its kind to operate in the mm/sub-mm regime. Here we present the 

instrumental design, give some new spectroscopic results for HCO^ and CO^, and discuss 

the subtleties in using this technique at these longer wavelengths. 

Theory of Velocity Modulation 
Velocity modulation spectroscopy utilizes the behavior of charged particles in an 

electric discharge plasma. In this environment, ions move with the discharge current, 

exhibiting drift velocities that are larger than normal random velocities, while neutral 

species are unaffected. If the ions absorb or emit light while in the alternating plasma, the 

signal will be Doppler shifted by a small amount"': 

6v = VQ V . » 

(1), 
, c 

where Vg is the original frequency of the line, c is the speed of light, and Vj is the drift 

velocity. The drift velocity can be expressed as: 

^ A 3.876 V 760 V T \ 
Vj = E X — (2), 

p A273.15; 

where E is the electric field strength (in volts/cm), a is the dipolar polarizability of the 

neutral (in A^), jx is the reduced mass of an ion-neutral pair, P is the pressure (in torr), and 
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T is the temperature (in K). Using the H2-HC0'^ system as an example (a=0.808 A^, [x = 

1.871 amu, Vo=87.98 GHz) at 50 mTorr and 200 K, and assuming an electric field of 20 

volts/cm (as per Gudeman & Saykally^''), the Doppler shift is 2.97 MHz. 

In an AC plasma, the drift velocity of the ions produces an amplitude-modulated 

signal as they move in and out of resonance with an absorption frequency. Thus, lock-in 

demodulation at the discharge frequency is sensitive only to species that are charged. 

However, molecules which are created in the discharge and destroyed quickly, such as 

radicals, will produce an on-off pattern in the positive portion of the discharge cycle. 

Molecules which behave in this manner can be detected if the signal is demodulated at 

twice the discharge frequency. This "concentration modulation" effect can be used to 

distinguish short-lived species from others present in a discharge'^, but is not specific to 

ions. Consequently, velocity modulation with If demodulation must be used to 

completely exclude signals from neutral species, including radicals. 

Spectrometer Design 
The instrument is an adaptation of the spectrometers used in the Ziurys lab to 

measure the spectra of free radicals'^, but also incorporates some of the features found in 

the infrared velocity modulation experiments. A block diagram of the spectrometer is 

shown in Figure 1. The system consists of a few basic components: the frequency 

source, absorption cell, discharge electrodes, and a detector. The mm-wave sources are 

phase-locked Gunn oscillators coupled with Schottky diode multipliers, which produce a 

frequency range of 65-660 GHz. The detector is a liquid-He cooled InSb hot-electron 

bolometer (Cochise Instruments), which is connected to a lock-in amplifier (Perkin 
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Elmer 7280). The cell is designed using Gaussian-beam techniques, because at these 

frequencies, ray optics are not applicable'®. A 1 cm diameter cell, as used in the infrared 

experiments, is too small to accommodate the larger millimeter-wave beams. Therefore, 

the size of the cell was increased based on the optical path. 

The cell itself is a single-pass system incorporating three lenses, one on each end 

of the cell, and one to focus the radiation onto the detector aperture (see Figure 1). The 

two cell lenses also form the vacuum seal for the apparatus. The apertures are designed 

to be greater than four Gaussian beam radii in diameter, which encompasses 99% of the 

power in the beam. This power contour is largest when it reaches the second lens, and 

therefore its diameter at this point is the primary constraint on the cell dimensions. The 

beam diameter at this point is given by'^: 

D(L2) = 4 

, ,  1 / 2  
/ . \ / 2 T- \ A,F, L 

^ J t W o i ;  
1 + 

XF, ^ 
(3), 

where X is the wavelength, F, and Fj are the focal lengths of lenses LI and L2, 

respectively, and WQI is the initial beam waist size, which depends on the size of the 

feedhorn used to launch the radiation: 

Woi=0.32df^^,,„^„ (4). 

At 200 GHz (>>, ~ 1.5 mm, launched with an 11.9 mm diameter feedhorn), the beam size 

at L2 is 100 mm. At 65 GHz (with a 20.3 mm feedhorn), it increases to 176 mm. With 

these large dimensions, constructing a cell from glass tubing becomes increasingly 

problematic. It was consequently decided to construct a 10-cm diameter cell, and 

constrain the lowest efficient operating frequency to 200 GHz. Indeed, measurements at 
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significantly lower frequencies (118 GHz) produced oscillating baselines, likely a result 

of the reflection of radiation off the cell walls. 

The cell is constructed from double-walled glass tubing 85 cm long, with a tee at 

one end for a vacuum connection. There are glass o-ring flanges on each end which form 

the vacuum seal with the teflon lenses. The cell is evacuated by a roots-type blower 

system (Edwards EH1200/E2M175S) which has a pumping speed of approximately 550 

cfm. As the experiment is conducted, gas is continuously flowed into one end of the cell 

and pumped out through the other. To cool the cell, a recirculating methanol chiller is 

connected to the outer jacket, which has expansion bellows to prevent cracking. When 

insulated with foam pipe wrap, the entire cell can be kept at -50°C. 

The ions are produced in an AC electrical discharge, generated by an RF power 

supply (ENl Plasmaloc 1) connected to the electrodes through coaxial cable. The two 

discharge electrodes are rings constructed from 3" diameter stainless steel tubing (0.064" 

wall thickness). They are attached to the power supply via threaded rods which connect 

to the two tungsten/glass vacuum feedthroughs on either end of the cell. The power 

supply is typically operated with an impedance of 600 Q and an output power of 150-250 

W. When ignited, the glow from the discharge fills the entire radial area of the cell 

between the two electrodes. Discharge stability was greatly enhanced by the use of the 

ring-shaped electrodes, and the signal strength was enhanced by about a factor of 3 

(initial experiments used simple tungsten rods). 

The system can be operated in either source or velocity modulation mode. In the 
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former method, the radiation from the Gunn oscillator is modulated at 25 kHz by a signal 

generator generator incorporated in the phase-lock loop (see Ziurys et al.'^). The signal 

from the detector is demodulated by the lock-in amplifier at twice this frequency (2f). In 

the latter set-up, the Gunn modulation is turned off, and the AC discharge is the 

modulating source. The signal is then demodulated at the frequency of the discharge 

power supply, which is typically 20 kHz. 

Results 
Initially, direct absorption measurements using source modulation of HCO"^ and 

CO^ were conducted to insure that the AC discharge was producing ions effectively. 

HCO^ was created in a mixture of approximately 10 mTorr Hj and 40 mTorr CO, while 

CO"^ was made with 40 mTorr of pure CO, both with a typical discharge power of 150-

200 W. Evacuating the cell with the mechanical booster pump by itself resulted in no ion 

signals, but they were easily observable when the roots blower was used. No cooling of 

the cell was necessary to detect spectra of these ions, although the signal-to noise 

improved by about a factor of 5 when the cell was chilled to -50°C. Once the ion signals 

were observed with source modulation, the lock-in was re-configured to detect at the 

frequency of the discharge power supply, and the spectra re-observed. The lines were 

still present, but were less intense, in some cases by as much as a factor of 5. In addition, 

the features did not have first-derivative profiles. They appeared to be Gaussian in shape, 

but were shifted to a slightly higher frequency and had a small dip on the lower frequency 

side. Changing the lock-in to 2f detection produced the expected second-derivative line 

shape, but the lines were even weaker than with If demodulation. 
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Representative spectra resulting from these tests are shown in Figure 2. Here the 

N = 4 ^ 5, J = 7/2 9/2 transition of CO"" is presented at 589.6 GHz. The lines are in 

absorption, but the phase of the lock-in has been adjusted so that the maximum of the 

peak is positive. The top panel displays the signal observed in source modulation mode, 

which shows the classic second-derivative spectrum. In the bottom panel, the velocity-

modulated spectrum is shown, which consists of a small red-shifted dip and a much 

larger peak. In addition, the absorption maximum for the velocity-modulated line is 

shifted slightly from that observed with source modulation. These effects are in fact 

expected, and can be accurately modeled, as the dotted line overlaid on the spectrum 

shows. This profile will be discussed later. 

In order to test for the exclusion of signals arising from neutral molecules, the J = 

2-^3 transition of near 329 GHz and the N = 7^8, J = 8-^9 line of the SO 

radical (X^2") near 347 GHz were observed in both source and velocity modulation 

modes. Both species exhibit strong spectra in source modulation mode, but with velocity 

modulation the signals disappear down to very low noise levels, at least a few percent of 

the original signal strength. Even when using 2f demodulation, neither molecule 

produced an absorption signal. Figure 3 illustrates these effects in SO. The top panel is 

the source-modulated absorption line, observed in a single 10-MHz scan, with a signal 

strength of ~ 1 mV. The bottom panel shows one scan of the same frequency range 

observed with velocity modulation, with the y-axis magnified 12 times. At this noise 

level, there is no discernible signal. 

As an additional test, the rotational spectra of HCO^ and CO^ between 178 and 



471 GHz were measured and compared with previous results from millimeter-wave DC-

discharge experiments^'''^^ Since the maximum of the velocity-modulated signal is offset 

from the true line center, the source-modulated spectra were used for the determination of 

transition frequencies. The results are summarized in Tables 1 and 2. The frequencies 

are generally in good agreement with those previously measured, with differences within 

the experimental errors. However, there seems to be a systematic shift between the two 

sets of numbers. The previous measurements are consistently higher by > 40 kHz, and 

this difference increases with frequency. In addition, two sub-millimeter transitions of 

each molecule were observed that had not been previously measured. The measured 

frequencies of these lines were off by as much as 500 kHz from the frequencies predicted 

from the previous constants. These findings imply that using a standard ion drift velocity 

correction to frequency measurements can suffer systematic errors. 

The new data for were fit to a standard Hund's case b) Hamiltonian using a 

nonlinear least-squares analysis program, while that for HCO'^ were analyzed with a '2 

program. The resulting constants are given in Table 3. These new spectroscopic 

parameters are an improvement over the past values, which are also shown in the table. 

Measurements of the N = 0 ^ 1 transition of SH^(X^2") were also conducted; this 

species had previously been observed by laser magnetic resonance^^. Because SH"^ is an 

open-shell ion, its signals were expected to be very weak. Thus, the spectrometer was 

initially configured in source modulation mode to scan for absorption signals. If a line 

was detected, the instrument was switched to velocity modulation mode and the signal re-

observed, confirming it arose from an ion. 
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This technique proved very useful in the study of SH^, which, as a chemical test, 

was produced from a discharge of either HjS or CH3SH in argon. When using CH3SH, 

multiple strong features were observed near two hyperfine lines of the N = 0 1, J = 1 

-> 2 transition of Sff. As shown in the top panel of Figure 4, the ionic lines are 

swamped by the stronger neutral signals when observed with source modulation. The 

positions of the SH^ lines are shown by arrows. However, when the same frequency 

range was observed in velocity modulation mode, only two weak lines arising from SH"^ 

are present. This spectrum is shown in the bottom panel of Figure 4, with the scale 

magnified 25 times to show the weak signals. Using this combination of modulation 

techniques, four hyperfine lines oftheN = 0-» 1,J=1 ̂ 2 transition of SH"^ were 

measured. This work is described in detail by Savage, Apponi & Ziurys^^ 

Discussion 

Line Shape 
In this experiment, the velocity-modulated absorption lines clearly do not have the 

typical first-derivative line shape seen in the infrared spectra. Although observed with If 

demodulation, the lines appear as a distorted Gaussian (see Figure 2). This effect can be 

explained by the relative lifetimes of ions in the different experiments. Theoretical 

treatments of the line shape in infrared velocity modulation at If assume that the 

discharge shuts off completely every half-cycle, producing two populations of ions with 

positive and negative drift velocities (e.g. Farley^'^). This interpretation can be thought of 

as "square-wave velocity modulation", in which the lock-in amplifier detects two distinct 

signals modulated at the same rate, as shown in Figure 5. This type of modulation results 
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in two Gaussian-shaped peaks offset from the center frequency, with their centers at ± 6v, 

and with opposite phases. 

In the millimeter-wave velocity modulation experiment, the assumption that all 

ions are destroyed when the discharge shuts off no longer is valid. There are two reasons 

for the longer lifetimes. First, the millimeter experiment operates at around 0.05 Torr, 

while the infrared measurements are conducted at pressures of 0.8-7 Torr'°'^^ Therefore, 

the conditions in the former case result in a 10-140-fold increase in the mean free path of 

an ion, and a corresponding increase in lifetime, assuming collisions destroy ions. Using 

HCO^ in Hj as an example, the mean free path is 0.008 cm at 1 Torr, but 0.2 cm at 50 

mTorr, at room temperature. The average kinetic velocity of HCO^ ions at 298 K is 466 

m/s, so the lifetime of an ion in 1 Torr of H2 is ~ 2 x 10"^ s, but 4 x 10"'' s at 50 mTorr. 

Furthermore, the primary destruction mechanisms for molecular ions in this type of 

experiment is thought to be diffusion to the cell walls^''. The infrared cells are typically 1 

cm in diameter, while the mm-wave cell is 10 cm wide. Again assuming an average 

velocity of 466 m/s, the lifetime of an ion in a 1 cm cell is 0.001 s, and 0.01 s in a 10 cm 

cell. 

The net result of both these effects in the mm-wave system is that some ions 

persist throughout the discharge cycle, moving toward one electrode, then slowing down 

and changing direction toward the other as the discharge polarity is reversed. This 

modulation behaves more like a cosine function, with some ions moving at a net drift 

velocity of 0. The lock-in amplifier therefore detects three modulated signals: two due to 

ions at the maximum velocities as before, and one from the ions which have a net zero 
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velocity. Since the ions reach zero velocity twice per discharge cycle, this signal is twice 

as strong as the other two, as illustrated in Figure 5. The demodulated absorption lines 

are therefore a blend of these three components, with the zero-velocity component at the 

line center and the two side-lobes centered at ± 5v. This results in a "distorted Gaussian" 

shape with If detection. The bottom panel of Figure 2 illustrates this line shape, as 

displayed by CO^. The simulated spectrum is shown by a dotted line. 

The fitted profile gives a Doppler shift of 1.1 MHz, which corresponds to a drift 

velocity of 560 m/s. This is about a factor of 10 larger than the drift velocity estimated 

by Sastry et al.^' for their measurements of HCO^, but their electric field was only 0.5 

V/cm. The measured potential across the electrodes in this experiment is 100 V (rms), 

corresponding to a field of 1.9 V/cm between the electrodes. According to Equations (1) 

and (2), this field should produce a Doppler shift of 3.2 MHz in the observed line, not 1.1 

MHz. Similar differences between experimental and calculated shifts have been noted in 

the infrared studies as well'®. These results suggest that the ion mobility expressions 

given, which are admittedly simplifications, are not sufficient to explain the plasma 

behavior. Effects such as plasma striations (observed in the discharges of HCO'*^ and 

CO"^) and proton transfer reactions can effectively decrease the mobility of the ions. In 

fact, charge-transfer and proton-transfer reactions are known to decrease ion mobility by 

as much as a factor of two^®. Clearly, further theoretical work in this area is necessary. 

AC vs. DC Electrical Discharges 
In addition to providing ion selectivity via velocity modulation, the use of an AC 

discharge in this experiment offers advantages over previous DC-discharge experiments. 
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First, the RF power supply provides a discharge that is very stable, without flickering or 

sparking. As a test, a DC power supply was connected to the same instrument and 

electrodes and used to create a discharge of Hj/CO as used in the production of HCO^. 

The maximum HCO^ signal was achieved with 570 V at 0.25 A, approximately 140 W of 

total power. If the power was increased beyond this amount, the discharge became 

unstable. In contrast, the AC power supply could sustain a 250 W discharge under the 

same chemical conditions without fluctuating. This stability results in spectra with both 

stronger signals and less noise. Representative spectra illustrating this property are 

shown in Figure 6, which displays the J = 3 ^ 4 transition of HCO^ produced with the 

DC discharge (top panel) and with the AC discharge (lower panel). The spectra are 

shown with the same y-axis scale to illustrate the relative amounts of noise. 

An additional problem with the spectroscopy of DC discharges is the Doppler 

shift. In millimeter-wave experiments, the ionic Doppler shifts are usually smaller than 

the observed linewidth, making them hard to measure precisely. The measured 

frequencies must therefore be corrected by a small amount. The polarity of the discharge 

can be reversed to measure the Doppler shift, or it can be estimated from the drift 

velocity. However, it is not clear that these corrections are always done accurately. In an 

AC discharge, line frequencies do not need to be corrected. 

Sensitivity 
The sensitivity of the instrument can be estimated by comparing the intensity of 

the J = 2 -»• 3 transition of CO (v = 345,795.928 MHz) with that of the N = 2 ^ 3, J = 

5/2 7/2 transition of CO^ (v = 354,014.193 MHz), using source modulated data (for 
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velocity modulation, the sensitivity decreases by a factor of 2-5). Assuming that the 

molecules are all in the ground vibrational state, the maximum absorption (Ymax) for a 

linear molecule is given by": 

4jt'hn^^v^ 
Tmax 

where n is the density, Vg is the center frequency, is the dipole moment, T is the 

temperature, and Av is the linewidth. Taking the ratio of intensities for two different 

molecules at the same temperature, the expression simplifies to: 

(5), 

YL _ ni^fvfAv^ 
2 3 a (^)* 

Y2 

The observed CO line (dipole moment of ~ 0.1 D) had an intensity of 1520.6 mV and a 

width of 0.958 MHz. The intensity of the CO'^ line was 0.532204 mV, but it only 

comprises 57.1% of the emission in this transition, and so must be increased by a factor 

of 1.75. Its linewidth was 1.159 MHz, and the dipole moment of CO'*' has been calculated 

to be 2.77 D. Using these values, the density ratio of CO and CO'^ is n(CO'')/n(CO) = 

1.09 xlO ®. The density of CO can be calculated from the pressure (40 mTorr) and 

temperature (223 K) of the cell, assuming ideal gas behavior, which gives a density of 

1.73 xlO'^ cm ^ Multiplying by the density ratio, and correcting for the fact that CO'' 

only exists between the electrodes (53 cm apart) yields n(CO'') =1.18 xlO' cm ^ for a 

percent ionization of 0.0001%. 

For Sff, the weakest measured line (N = 0 1, J = 1 2, F = 3/2 ^ 3/2, at 

526,124.976 MHz, 3.8% relative intensity) had an observed signal strength of 0.006 mV 



I l l  

after nearly an hour of signal averaging. The dipole moment of SH^ is calculated to be 

1.29 and the linewidth of this transition is 1.637 MHz. These parameters give a 

density ratio of n(SH0/n(CO^) = 0.34, which gives a detection limit of 4.0 xlO^ cm"^. 

This limit can always be improved if additional signal averaging is performed. 

Conclusion 
This study has shown that the velocity modulation technique can be applied to the 

study of pure rotational transitions at millimeter/submillimeter wavelengths. However, 

there are differences which occur as a result of the move to lower frequencies. Most 

significantly, the line shape is not first-derivative. Instead, absorptions appear as weaker, 

distorted Gaussians, with their maxima shifted slightly to higher frequency. Thus, the 

most efficient operating mode of this instrument is to scan for signals using source 

modulation, then switch to velocity modulation to test whether the lines are due to ionic 

species. Using source modulation to measure the transition frequencies in an AC 

discharge eliminates Doppler effects, while velocity modulation eliminates signals from 

neutral molecules. This spectrometer has demonstrated its effectiveness by directly 

measuring the N = 0 ^ 1 transition of SH"^, and should prove useful for the study of other 

molecular ions, including open-shell species. 
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Table 1: Measured Transition Frequencies of HCO^ (X^2) 
J" ^ J' Vobs (MHZ) Previous v (MHz)"^ 
1 - ^ 2  178 375.010 178 375.065 
2 - ^ 3  267 557.526 267 557.619 
3 - ^ 4  356 734.134 356 734.288 
4 ^ 5  445 902.721 445 902.996 
5 ^ 6  535 061.402 -

6 - ^ 7  624 208.180 -

a) From Sastry et al. 1981b; values corrected for Doppler shift 

Table 2: Measured Transition Frequencies of CO^ (X^2) 
N" ^ N' J" ^ J' Vobs (MHz) Previous 
1 2 1/2-^ 3/2 235 789.602 235 789.641 

3/2-^ 5/2 236 062.445 236 062.553 
2^ 3 3 / 2 ^  5/2 353 741.202 353 741.262 

5 / 2 ^  7/2 354 014.193 354 014.247 
3 4 5 / 2 ^  7/2 471 679.093 471 679.213 

7 / 2 ^  9/2 471 952.103 471 952.343 
4^ 5 7 / 2 ^  9/2 589 598.924 -

9 / 2 ^  11/2 589 871.986 -

a) From Sastry et al. 1981a; values corrected for Doppler shift 

Table 3: Revised Constants for HCO^ and CO^ 
Molecule Constant Value^^ Previous Value'"' 
HCO" Bo 44 594.4138(54) 44 594.420(2) 

Do 0.082814(74) 0.08239(7) 

CO^ Bo 58 983.022(26) 58 983.040(12) 
Do 0.18957(66) 0.1896(5) 
Yo 272.98(14) 273.01(5) 

a) In MHz, errors are 3a 
b) From Sastry et al. 1981a and Sastry et al. 1981b; in MHz, errors 

assumed to be la 
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Figure Captions 
Figure 1: Block diagram of the millimeter velocity modulation spectrometer. The key 

elements are the gas cell, which is single-pass, and the Plasma Loc power supply, which 

creates the discharge between the electrodes of the cell. A standard phase-locked Gunn 

oscillator/Schottky diode multiplier source is used, and the detector is an InSb bolometer. 

Figure 2: Representative spectra of the N = 4 -S' 5, J = 7/2 9/2 transition of CO"^ 

(X^2^) observed with the spectrometer. The top panel displays the line observed in 

source modulation mode (2f), while the bottom panel is the same signal observed with 

velocity modulation (If). A decrease in intensity and a change in line shape results in the 

latter mode. The dotted line on the lower figure is the simulated line profile, which is 

discussed in the text. 

Figure 3: Spectra of SO (X^2") observed in both source and velocity modulation modes. 

A strong feature is present when observed with source modulation (top panel), but with 

velocity modulation, the signal is not present down to levels lower than 3% of the source 

modulated line. 

Figure 4: Spectra of SH^ produced from a discharge of CH3SH and argon. The top panel 

shows the spectrum observed in source modulation mode, where numerous strong lines 

from neutral molecules obscure the weaker SH'^ signals, marked by arrows. The bottom 

panel is the velocity-modulated spectrum, where only two lines remain: the F = 1/2 ^ 

3/2 and F = 3/2 —s- 5/2 hyperfine components of the N = 0->1,J=1^2 transition of 

SH"^. The intensity scale has been magnified 25 times on the bottom spectrum, which is 

an average of eight 24-second scans. 
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Figure 5: Waveforms for velocity modulation. Infrared experiments only observe the 

signals from molecules at ± v^, producing a first-derivative line profile (v^ = drift 

velocity). In the millimeter-wave spectrometer, signals from molecules with a net 

velocity of zero are also observed, because of longer ion lifetimes. Consequently, a 

"distorted Gaussian" line profile is produced. 

Figure 6: The J = 3 4 transition of HCO^ produced with a DC discharge (top panel) 

and an AC discharge (bottom panel), both in source modulation mode. The spectrum 

observed under DC-discharge conditions is weaker, and has more noise than its AC 

counterpart. 
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Abstract 

Several millimeter-wave transitions of HCO^ have been detected toward comet Hale-

Bopp (C/1995 01) using the Kitt Peak 12m telescope. The J=2 1 transition at 178 

GHz was observed towards the comet nucleus near perihelion on March 10 and 20, 1997, 

as well as the J=3 -> 2 transition at 268 GHz on March 9, 1997, with angular resolutions 

of 36" and 24", respectively. These data all show a slight velocity shift (~ 1.2 km/s) from 

the nominal comet velocity, and the J=3 2 profile is asymmetric with a red-shifted 

wing. These differences likely arise from ion acceleration by the solar wind. A 

rotational diagram analysis of the data yielded a column density of 1.1 x 10'^ cm"^ for 

HCO^ in Hale-Bopp, which corresponds to an average number density of 36 cm"^. The 

data taken on March 9 show a second velocity component red-shifted by ~ -i-5 km/s, 

which is considerably weaker than the main feature but appears to have a counterpart in 

the HNC, J=3 2 data, observed within an hour of the HCO^ measurements. The de-

projected velocity difference between the main and secondary emission lines is 7 km/s 

for both HCO^ and HNC, and the weak-to-strong line intensity ratios (~ 5%) are identical 

to within observational errors, suggesting a common high velocity volatile secondary 

source. A plausible model that explains these red-shifted velocity components is an 

ensemble of centimeter-size icy grains (total mass ~ 10^ kg), accelerated by an anti-

sunward sublimation recoil force, located within ~ 3 x 10^ km of the nucleus. An 

examination of the production rates for HCO^ suggests that the reaction Hj + CO^ is 

likely to be an important route to this ion in the outer coma beyond the collisionopause, 

where it has its peak abundance. A significant amount of Hj probably exists outside the 

collisionopause from photodestruction of HjO, which is the main source of HCO^ within 

the collisionopause. 

Subject headings: Astrochemistry, comets; individual (Hale-Bopp C/1995 Ol), line: 

profiles, molecular data, radio lines: solar system, (Sun) solar wind 
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1. Introduction 

Comets are thought to contain pristine material relatively well preserved from the 

early solar system. These objects were probably created in the outer pre-solar nebula and 

therefore document the chemical history of this era and that of the proto-planetary disk. 

Whipple's (1950) "dirty snowball" model with a small solid nucleus of refractory 

material mixed with ices and other frozen matter has been well substantiated by 

observations of many comets (e.g. Crovisier and Encrenaz 2000). As a comet approaches 

the sun, a small amount of the frozen material sublimates to form an expanding coma of 

gas and dust. A small fraction of the coma gas is ionized, some of which is accelerated 

in the anti-solar direction to form the plasma tail. 

Due to its extreme brightness, comet C/1995 01 (Hale-Bopp) was one of the most 

extensively observed comets. At 7 A.U., this object was already one hundred times 

brighter than comet Halley, with a visual magnitude of 11 (e.g. Crovisier and Encrenaz 

2000). The comet was observed at multiple wavelengths including IR, UV, Visible, X-

ray and radio (e.g. Dello Russo et al. 2000, Owens et al. 1999, Lis et al. 1999, Lovell et 

al. 1998 and Ziurys et al. 1999). Because it has a long period and a highly inclined orbit, 

Hale-Bopp most likely arises from the Oort Cloud. 

With the appearance of Hale-Bopp, the inventory of known chemical compounds 

in comets tripled (Bockelee-Morvan et al. 2000), including the addition of several new 

molecular ions. Investigating ions is important because they help to establish physical 

and chemical processes in the coma, as well as comet-solar wind interactions. The latter 

effect in fact causes a small acceleration (~ 1-10 cm/s^) of the ions in the anti-solar 
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direction that has been observed in many comets, including Hale-Bopp (e.g. Lovell et al. 

1998, Crovisier and Bockelee-Morvan 1999). Because the species frozen in the cometary 

ice are likely to only be neutrals, ions must form from sublimated gas by some 

combination of photoionization, charge exchange, electron impact and ion-molecule 

reactions in the comet coma (Crovisier and Encrenaz 2000). 

HCO"" is an ion of particular interest for cometary studies. Although this species 

is fairly ubiquitous in molecular clouds, it has only recently been observed in comets. 

The first detection of HCO^ occurred in Hale-Bopp in February 1997, where the J=1 ^ 0 

transition at 89 GHz was measured using the BIMA antennas in autocorrelator mode 

(Veal et al. 1997). Other rotational transitions were subsequently observed, including the 

J=3 -s- 2 and J=4 ̂  3 lines at 268 and 357 GHz, respectively, using the SMT telescope 

on March 5th and 9th (Narayanan et al. 1997). Lis et al. (1999) also detected the J=3 

2 transition on March 26 using the CSO telescope. All millimeter detections occurred 

within a five-month period, when the comet was brightest, from January to May of 1997, 

with most observations conducted from February to March. 

In addition to spectral line detections, the spatial distribution of HCO^ was also 

measured in Hale-Bopp. Lovell et al. (1998, 1999), for example, mapped the J=1 -> 0 

transition of this ion in the comet using the Five College Radio Astronomy Observatory 

14m antenna (FCRAO) during the period of March 21-April 27. These authors 

discovered a local emission minimum centered on the nominal position of the comet 

nucleus on several dates, as well as an asymmetric ring around the nucleus with a strong 

anti-sunward peak. The HCC emission region also proved to be time variable and quite 
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extended; the species was detected 50,000-300,000 km from the nucleus. Furthermore, 

during March, Womack et al. (1999) mapped the J=1 -> 0 line using the NRAO 12m 

telescope using the OTF technique, and found a similar "void" at the nucleus in HCO"^ 

emission. These authors explained the void as arising in the "diamagnetic cavity" where 

low electron temperatures in this magnetic field-free region increased the ion dissociative 

recombination rate and hence the destruction of HCO"^ and other ions. Wright et al. 

(1999) also published mosaicked images and spectra on the J=1 -»• 0 transition of HCO"^, 

using the BIMA interferometer. This map does not show a void near the nucleus on May 

6, providing further evidence of the variability of the HCO^ distribution. 

In this paper, we report independent detections of the J=2 —»• 1 and J=3 -»• 2 

transitions of HCO^ towards the comet, using the Kitt Peak 12m telescope. The J=2 1 

transition had not been previously observed. From these spectra, a column density and 

rotational temperature were determined. In addition to a broad, redward doppler-shifted 

wing, a weak high velocity (near + 6-7 km/s) component appears in the HCO^ spectra on 

March 9 that has a counterpart in the HNC observed on the same day. These weak 

features may have arisen from a short-lived (<10 dy) swarm of centimeter-size icy 

grains accelerated away from the sun by unidirectional sublimation. Here we discuss 

these results. 

2. Observations 

Measurements of HCO^ were carried out during the period March 9 to March 20, 



1997. The observations were made using the former NRAO^'^ 12m telescope at Kitt 

Peak, Arizona. The receivers used were dual-channel, SIS mixers, operated in single-

sideband mode with image rejection around 20 dB, covering the 2 and 1.2 mm bands. 

The backends employed were filter banks with 250 kHz, 500 kHz, or 1 MHz resolutions, 

depending on the given frequency. The temperature scale was determined by the 

chopper-wheel method and is given in terms of TR*, corrected for forward spillover losses 

(riftj. Radiation temperature is then determined using ti^., the corrected beam efficiency, 

where TR=TRVr|<,. The position of the comet was determined through a two-body 

ephemeris program using the orbital elements provided by D. Yeomans of JPL. The 

telescope was pointed toward the nominal ephemeris position of the nucleus, and tracked 

at the comet's predicted ephemeris rates during the observations. To insure positional 

accuracy, periodic pointing and focusing on Jupiter and Saturn were conducted. Data 

was collected by position-switching with the off position 30' west in azimuth. 

Observing frequencies used for HCO^ are listed in Table 1. Also given are the 

beam efficiencies at these frequencies, and the respective angular and linear beam sizes 

projected at the comet, as well as the comet's heliocentric (R,,) and geocentric (A) 

distances. 

3. Results 

Table 1 summarizes the observational results for HCO"^. As the table shows, the 

NRAO is operated by the Associated Universities, Inc., under cooperative agreement 
with the National Science Foundation. 
^ The Kitt Peak 12m telescope is currently operated by the Arizona Radio Observatory, at 
Steward Observatory (The University of Arizona), with support from the Research 
Corporation. 
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J=2 ^ 1 line of HCO^ at 175 GHz was observed on the UT date March 10 and March 20. 

The J=3 —> 2 transition of HCO^ at 267 GHz and the J=3 ^ 2 transition of HNC at 272 

GHz were measured on March 9 only. Line parameters are also given in this table, which 

were determined by fitting Gaussians to the line profiles of each of the spectra. As the 

table shows, the HCO"^ spectra typically had Tr*~ 0.5 K and linewidths near 3.5 km/s. 

These linewidths are somewhat broader than typically observed in comets for neutral 

molecules. For example, HCN had a linewidth of 2.3 km/s in the J=3 2 transition in 

comet Hale-Bopp (Ziurys et al. 1999). 

Spectra obtained from comet Hale-Bopp are presented for each date observed in 

Figures 1 and 2. Figure 1 displays the spectra of the J=3 ^ 2 transition of HCO^ 

(integration time forty-eight minutes) and the J=3 2 transition of HNC (integration 

time one hour), both recorded on March 9. Figure 2 displays the J=2 1 transition of 

HCO"" on March 10 (integration time one hour forty-eight minutes) and March 20 (with 

one hour integration time). All figures are plotted in the cometocentric velocity frame. 

Each HCO^ transition displays a strong central peak shifted by ~ 1.2 km/s from the 

predicted geocentric comet velocity (cf. HNC velocity in Figure 1). Also, the J=3 2 

line of HCO^ shows an asymmetric profile with a red-shifted tail, which is in the anti-

solar direction. This effect has been seen in other ion spectra (Lovell et al. 1998, Wright 

et al. 1999, Womack et al. 1999, and Narayanan et al. 1997). The slight redward 

displacement and asymmetry likely arise from the anti-solar motional force due to the 

solar wind interaction with the comet. Lovell et al. (1999) estimated the HCO"^ 

acceleration to be ~10 cm/s^ in March 1997. 
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In addition to the main emission line feature, both the HNC and the HCO^ (J=3 -> 

2 and J=2 -»• 1) lines have weaker red-shifted velocity components, displaced from the 

stronger lines by ~ 5 km/s and indicated by arrows (see Figures 1 and 2). These red-

shifted velocity components do not arise from extraneous background sources; nor are 

they likely caused by interaction with the solar wind, since the neutral (HNC) and ionic 

(HCO"") species both display the same velocity shifts and have similar primary-to-

secondary intensity ratios. If associated with the comet, these red-shifted velocity 

components may represent the first spectroscopic evidence of a volatile-producing icy 

grain debris field (e.g. Delemme and Wenger 1970, Harris et al. 1997). If so, the 

relatively high velocity may be explained by a sublimation recoil jet effect acting on low 

mass grains ejected from the nucleus, as discussed below. The de-projected velocities for 

the HNC and HCO'^ line pairs associated with the secondary source, v^^ ~ 7 km/s, are 

well in excess of the escape velocity from the comet nucleus, v^^^, ~15 m/s (radius, r„ ~20 

km). 

4. Analysis 

4.1 Abundances ofHCO* 

Since the projected beam diameters of the 12-m telescope (see Figure 3 and Table 

1) at both observing frequencies are smaller than the collisionopause, it is most probable 

that the excitation of HCO^ is dominated by collisions. The only other form of excitation 

is by solar radiation as the comet approaches perihelion, which can be estimated for 

comparison. This radiative rate, g, is defined as g = (jte^/mc^)/Fg, where 7te^/mc^= 8.82 

x 10"'^ cm,/is the absorption oscillator strength, and F^ is the solar flux (Weaver and 
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Mumma 1984). Using this formula, g is calculated to be ~ 10 ® for HCO^. In contrast, 

the collision rate (with water) for excitation from the J = 2 level to the J = 3 level is ~ 2 x 

10'^ s ', assuming a cross section of a = 10"" cm^ (Crovisier 1987), a density of nH2o= 1-2 

X 10^ cm"^ (Dello Russo et al. 2000), and a kinetic temperature of 50 K. This value is 

significantly faster than the radiative rate. 

Because collisional excitation is dominant, a rotational diagram was constructed 

to estimate the column density of HCO^. In such diagrams, the slope is inversely related 

to the rotational temperature, T„„ and the y-intercept establishes the total column density, 

assuming the gas is optically thin and in thermal equilibrium. Four data points were 

included in this analysis: the J=3 —» 2 and J=2 1 transitions (E^j,t(J)= 12.84 K and 8.56 

K) from this work and the J=3 -»• 2 and J=4 ^ 3 (Ej„^=\l.\2 K) lines from the SMT 

observations (Narayanan et al. 1997). These HCO^ lines were all detected at 

approximately the same heliocentric distance (March 5 through March 10). The equation 

used to determine an average HCO"^ column density for these dates is 

log (3kTRAv„2/8jt\Sy^i/) = log (N,,/gJ - (log e)(E,/TJ (1) 

where v is the frequency, S^is the line strength, [i(,is the permanent dipole moment (4.0 

D), g„t is the rotational partition function, and is the total number of HCO^ ions 

observed in the beam. 

The results of this analysis are shown in Figure 4. The data taken with the 12m 

are shown by filled circles and that from the SMT by unfilled circles. As is apparent in 

Figure 4, the J=3 ^ 2 column density obtained with the 12-m telescope is consistent with 

the observations obtained with the SMT (Narayanan et al. 1997), and all four data points 
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lie along a straight line, lending credibility to this analysis. The rotational temperature 

derived from the plot in Figure 4 is approximately 7 K, and the total column density is 

N,o, = 1.1 X 10'^ cm"^. This value is in close agreement with those currently reported by 

other authors. For example, Narayanan et al. (1997) estimated a column density from the 

J=3 ^ 2 and the J=4 ̂  3 transitions of 2.7 x 10'^ cm'^. The column density reported 

here corresponds to a space density of 36 cm'\ for a 3 x 10'° cm region. 

The J=2 ̂  1 line was also observed separately on March 20. To calculate a total 

column density on this date, the following formula was used, which assumes low optical 

depth: 

N,, = (3kT,_v,2/8jt^_Sy_„^)g„/e--^'^^™' (2). 

The symbols have identical meaning as in equation (1), and AE indicates the 

energy of the J = 2 level above ground state. A rotational temperature of 7 K was used, 

as indicated by the rotational diagram. The resulting column density for March 20 was 

calculated to be N = 4.3 x 10" cm'^, about a factor of three lower. 

These equations, however, assume the Rayleigh-Jeans limit, namely, hv « kT^^, 

which may not be appropriate. For comparison, a column density was also calculated 

from the J=2 ^ 1 data without the Rayleigh-Jeans approximation; Ntot= 4.647 x 10" cm"^ 

was derived. The two values differ by only 8%, and hence the former assumption is 

justified. 

4.2 Chemical Schemes for HCO^ Production and Destruction 

The only plausible mechanism for creating HCO^ in this very high production rate 
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comet is by chemical reactions in the coma (e.g. Lovell et al. 1998, 1999). In molecular 

clouds, the important process for HCO"" synthesis is (e.g. Herbst et al. 1973): 

However, molecular cloud formation of this ion is very different from a comet coma 

because in such objects there is an overwhelming abundance of Hj; in comets, HjO is the 

most common molecule. Three reactions are possible for HCO"^ synthesis in the coma of 

comet Hale-Bopp: 

Reaction (4) is the analogous reaction to (3) for comets; however, is a terminal ion 

among gas-phase reactants in comets because HjO has the highest proton affinity of the 

neutral molecules present (Huntress et al. 1980). Therefore, this process will not be 

significant. Reaction (5) is a more likely source of HCO"^, particularly given the broad 

distribution of CO"^ predicted by models (Gombosi et al. 1999). The rate of this reaction 

is k5=8.8 X 10"^° cmVs (Le Teuff et al. 2000). The model by Gombosi et al. (1999) also 

predicts large abundances of H20'^ at the nucleus and throughout the comet tail. Given 

the prevalence of CO within the collisionopause, reaction (6) is also a viable route to 

HCO^. This reaction has a rate of k6=5.0 x 10'^° cmVs, which is comparable to that of 

reaction (5). 

On the other hand, HjO is rapidly destroyed by photodissociation within the 

collisionopause as predicted, for example, by the model of Lovell et al. (1999). There are 

HJ^ + CO ^ HCO^ + H2 (3). 

HJO^ + CO HCO^ + H2O 
H2O + CO" HCO" + OH 

H2O" + CO ^ HCO" + OH 

(4) 

(5) 

(6) 
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various pathways for the destruction of water via photodissociation (for a quiet sun), 

namely: 

H2O H + OH ky = 1.0 X 10"^ s"' (7) 

H2O H2 + 0 kg = 6.0 X 10-' s"' (8) 

H2O ^ H + H + 0 kg = 7.5 X 10 ' s"^ (9) 

H2O ^ HzO^ + e kio = 3.3 X 10 ' s"' (10) 

H2O OH^ + H + e kii = 5.5 X 10 ' s"' (11) 

The photodissociation of water leads mainly to H, OH and O, as shown above. However, 

Hj and H20'^ are also significant products. Because a large amount of CO^ exists beyond 

the collisionopause, another way to produce HCO^ is: 

H2 + WHOT + OH (12). 

This reaction proceeds at a rate of k,2 = 1.8 x 10"' cmVs (Le Teuff et al. 2000), which is 

certainly competitive with the other HCO^ formation rates. 

A quantitative comparison of these three major production schemes of HCO"^ is 

illustrated by Figure 5, which displays the density of HCO'^ (in cm"^) as a function of 

distance from the nucleus, calculated separately from reactions (5), (6), and (12). The 

density of water, CO and CO^ used in the computations were taken from Lovell et al. 

(1999) and that of HjO^ from Gombosi et al. (1999). To determine the density of H2, the 

branching ratios for the photodestruction of water by Huebner et al. (1992) were used. 

An outflow velocity of 1 km/s was also assumed. Figure 5 clearly shows that the 

reactions starting with H2O and H20^ are the dominant source of HCO"^ within the 

collisionopause (rN~l x 10^ km), but they become insignificant compared to the Hj 

reaction outside of that region. 
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HCO^ is likely destroyed by photodissociation and dissociative electron 

recombination. At least one study has suggested that photodissociation is the dominant 

destruction path of HCO^ (Wright et al. 1999). The photodissociation rate can be 

calculated from: 

where XQ = ionization threshold (1153 A), = photodissociation cross section 

(Koch et al. 1995), and F^is the solar flux in photon cm'^ s"' bin"' (Huebner and Keady, 

1992). The photodissociation rate, kp,,, obtained for HCO"^ (R=l A.U.) from this 

calculation is 4.18 x 10"^ ions s"', which corresponds to an ion lifetime of x ~ 2.4 x 10^ s or 

277 days. 

In contrast, at 50 K, the electron recombination rate was calculated to be 5.22 x 

10'^ cmVs (Le Teuff et al. 2000). Using the model of Lovell et al. (1999), the electron 

density falls in the range n^. ~ 10^-10^ cm"^ over the region traced by HCO"^ (see Figure 3). 

Therefore, the electron recombination rate for HCO"^ is typically ~ 5 x 10'^ - 5 x 10"^ s"'. 

Thus, the lifetime of this ion against electron recombination is about 3 - 300 min, making 

dissociative electron recombination the primary destruction rate by many orders of 

magnitude. This calculation also indicates that HCO'" is short lived, and is likely formed 

"in situ'' in the various cometary regions. 

4.3 Origin of the Higher Velocity Component 

The stronger component in HNC and HCO^ (Figures 1 and 2) arises from the 

nucleus region, since the line positions correspond to the nominal comet ephemeris 

0 

(13) 
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positions, taking into account the solar wind-induced ion acceleration. The similar line 

intensity ratios of the two components for HNC and HCO"^, together with their identical 

red-shifts relative to the main feature, constitute strong evidence that these lines are 

associated with a common secondary source of gas. This red-shifted component had not 

previously been reported for any comet, although other HCO^ spectra (e.g. Lovell et al. 

1998, Lis et al. 1999) show a possible feature near 5 km/s at about the same epoch. The 

main HCO^ lines (Figure 1) have relatively high signal-to-noise ratios (~ 26) but for the 

weaker feature the ratio is about 3. The secondary source is not obvious in the March 20 

spectra (see Figure 2). No secondary velocity component was observed in the HCN 

spectra, but this absence may be explained by masking of the hyperfine structure. 

HNC is thought to be produced by two mechanisms in comets, the first being the 

reaction HCN + to form HCNff. Electron recombination of HCNff then forms both 

HCN and HNC. The second process is the reaction of HCN with fast H and/or Hj photo-

fragments (Rodgers and Chamley 1998). Either mechanism requires HCN as a parent 

species. The map of HCN by Veal et al. (2000) on March 8 showed a confined 

distribution ~10'' km from the nucleus. In contrast, observations of HNC by Hirota et al. 

(1999) show a slightly more extended region than HCN (50" vs. 38", respectively). 

Blake et al. (1999) found that HCN and HNC arose from two distinct regions, leading to 

the suggestion of an additional production path for HNC, namely, photodestruction of 

more complex organic species or CHON particles when the comet was near the sun, ~ 

1 AU (Rodgers and Chamley 1998, Rodgers et al. 2003). 

As is the case for HNC, HCO^ is not a sublimation product, and both components 
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in HCO^ must be created by ion-molecule reactions requiring an environment with 

significant collisional rates. Using the modeled number densities of Lovell et al. (1999), 

the ion-molecule reaction timescales in the ring-like region where HCO^ had peak 

abundances (Figure 3 and Lovell et al. 1999) ranged fromT,^ ~ 100 s at a distance from 

the nucleus ~ 10^ km, to ~ 10^ s at ~10^ km. Therefore, both the strong and 

weak line components of HCO^ most likely arose from sources within the coma, at /?„ < 3 

X 10^ km. 

Comet Hale-Bopp had one of the highest levels of gas production ever observed 

in a comet, and displayed activity at optical wavelengths (transient emission 

enhancements) over a large range in heliocentric velocity (R^ ~ 7 AU). The comet was 

particularly active during the weeks before March as it approached perihelion (April 1, 

1997). Frequent outbursts, arcs and jets of dust, O, Cj and CN were reported from 

January to August (e.g. Lederer et al. 1999, McCarthy et al. 1999, Schwarz et al. 1999). 

Jet-like structures were also noticeable in the HCN and HNC maps (Veal et al. 2000, 

Blake et al. 1999). 

Based on pre-perihelion observations of Hale-Bopp, Sekanina (1999, 1998a, 

1998b) presented evidence for a satellite about half the size of the comet nucleus orbiting 

at R„ ~200 km with a period, P ~ 2-3 dy. The orbital velocity of the companion, v^ ~ 6 

m/s, was close to the escape velocity from the comet nucleus (v^^^, ~12-19 m/s), and 

Sekanina (1999) predicted that the orbit of the companion would become unstable near 

perihelion. 
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Five days prior to our observations, on March 4, 1997 Qin-di et al. (2001) 

reported a small-scale splitting of the nucleus, and on March 9 Schwarz et al. (1999) 

noted the presence of a resolved condensation in optical images of the comet. 

The nucleus mass (m^ ~ 10^® kg) and rotation (P^^,, ~11.3 h) (e.g. Jewitt and 

Matthews 1999) set constraints on the dynamics of ejected fragments. A large fragment 

ejected by rotation from the comet nucleus would leave with a velocity, v.^, = 2jtr„/Pro,~ 3 

m/s, less than the escape velocity, v^j^, ~15 m/s, for nucleus radius, r„ ~ 20 km (Weaver 

and Lamy 1999, Jewitt and Matthews 1999), The maximum size, r^, for a small fragment 

lifted from the nucleus surface by sublimating gases with velocity, Vj.j ~1 km/s (Rj, ~1 

AU) and gas production rate, Q ~ 10^' molecules s"' may have been larger for Hale-Bopp 

than for most comets (rg(max) ~ 15 cm), with a terminal velocity, Vt ~ 10 m/s (Harmon et 

al. 1999) due to the large gas production rate. 

Our observations set limits to the lifetime of the secondary source associated with 

the HCO^ and HNC high velocity line components. The time interval between the HNC 

and the HCO^ observations on March 9 was ~ 43 minutes. And no red-shifted weak 

HCO'^ line was observed in the March 20 spectrum. Therefore, the secondary source 

lifetime is set at 1 hr < < 10 dy. 

Large-grain production rates comparable to gas production rates have been 

inferred from detections of icy grain halos using radar techniques (Harmon et al. 1999). 

The large grains have centimeter size scales and have been observed surrounding several 

comet nuclei out to distances of R„ ~ 10^ - 10^ km (e.g. Harmon et al. 1999). Large-grain 
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evaporation and fragmentation can explain spherical gas comas, distributed sources, and 

discrepancies between radar and radio-continuum observations (Harris et al. 1997, Jewitt 

and Matthews 1997, Harmon et al. 1999). A large-grain secondary source may have 

produced the localized enhancement of the gas production rate needed to account for the 

weak red-shifted lines. These icy fragments were either ejected from the nucleus or arose 

in the vicinity of the nucleus, and probably had initial drift velocities of ~ 10 m/s. 

To account for the high velocity line components associated with the secondary 

source, v^^ ~7 km/s, a force in the anti-solar direction is needed to increase the drift 

velocity by two orders of magnitude. Radiation pressure and sublimation recoil (if biased 

in the anti-solar direction) are possible acceleration mechanisms. The icy grain 

sublimation survival lifetimes in the solar radiation field provide constraints on the 

acceleration mechanism. 

Only icy grains with radii < 10'^ m at R,, ~1 AU, undergo radiation pressure 

accelerations, ~ L/gl4Rf^cm^ (> 10"^ m s'^) in excess of the solar gravitational 

acceleration (Here = solar luminosity, = grain mass and c = velocity of light). 

However, dirty ice grains with these sizes have sublimation lifetimes < seconds at 1 AU 

(Mukai 1986), so would not contribute significantly to the secondary source. 

A sublimation jet force biased in the anti-solar direction may account for the 

acceleration of large (cm-size) icy grain fragments associated with the secondary source 

of gas velocity (~7 km/s), provided their lifetimes exceed the destruction timescales from 

sublimation, fragmentation and collisions. The sublimation lifetime for a 1-cm dirty ice 
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grain is about Ihr (R^ ~1 AU), and for pure ice ~ 1 dy (Mukai 1986). For an icy grain 

moving away from the sun due to a sublimation recoil force, the acceleration due to this 

jet effect is, 

flj = Vgj (dm/dt)mg' (14) 

where = the gas ejection velocity, and the grain mass is, 

nig = 4KP//I3 (15), 

where the mean density, p = 300 kg m"^, assumed to be the same as the nucleus. The 

mass loss rate is then given by 

(dmjdt) = 7.5 x 10'^ kg s ' (16) 

where a mass loss rate per unit area, dji/dt = 1.2 x 10"'' kg/m^-s is assumed (Harmon et al. 

1999). This gas mass loss rate scaling is consistent with Hale-Bopp nucleus gas mass 

loss rate, and with the mass loss rates observed for cm-size grains in other comets 

(Harmon et al. 1999). For a 1-cm ice grain with v^^ ~ 1 km s"', ~10"^ kg, and dmjdt ~ 

8 X 10"^ kg s\ we find aj ~ 0.08 m s"^ Thus, the time required to accelerate a 1-cm grain 

to v,5 ~7000 m s ' is, 

v„/2a^.~ 12h (17). 

This value is an order of magnitude longer than the sublimation lifetime for dirty ice (1 

AU), but the same order as the lifetime for pure ice (Mukai 1986). Since the large grains 

surrounding comet nuclei probably arise from hierarchical fragmentation (e.g. Harris et 

al. 1997), the freshly exposed ices may have lifetimes longer than indicated by dirty ice 

models, closer to those of pure ice. The distance from the nucleus, R„, reached by a 1-

cm ice grain accelerated by a sublimation jet effect is. 
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~ a///2 ~ 10'km (18). 

This distance is comparable to the size of the collisionopause and within the region where 

ion-molecule chemistry is significant (see Figure 4). Hence, an ensemble of cm-size icy 

grains accelerated by a sublimation recoil force may account for the observed secondary 

source. 

A range of grain sizes and masses can contribute to the secondary source if 

attributable to the jet effect proposed. To estimate the distance reached by an icy grain 

fragment released from the nucleus region (R„ <10^ km) and accelerated to a velocity ~7 

km s"', we assume that mass is lost by gas sublimation only (e.g. Harmon et al. 1999), 

and calculate the net acceleration acting on the grains due to the solar gravitational and 

sublimation recoil forces. The drag force by the ambient coma is ignored since at > 

10^ km and for 1 cm grains, the coma drag acceleration, a^,, is less than 10"^ m s"^, it is 

therefore at several orders of magnitude less than solar gravitational acceleration, 

~ 4.1 X 10"^ m s"^ (19) 

where G = gravitational constant, M, = mass of the sun, and = heliocentric distance. 

Therefore, including the effects of both sublimation recoil and solar gravitational 

acceleration, and assuming the final grain velocity is the observed secondary source 

velocity, v^^, we combine equations (17) and (18) to find, 

R„-vJ[8(2aj-aJ]-' (20). 

Combining (14) and (16), and substituting in (20), we find R„ in terms of a^, r^, and m^, 

K = vjmj(6.0 X 10-^)v,jr/ - 8a,mj' (21). 

This relationship is shown in Figure 6 where the initial grain masses, m„ are 
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indicated on the left and the final grain masses, mf~ on the right. The curve 

plotted in Figure 6 represents the distance traveled by an icy grain after acceleration by a 

sunward-directed sublimation recoil force to a final velocity, v^^ ~ 7000 m s '. Since the 

sublimation lifetimes (Mukai 1986) for dirty and pure ice grains with radii in the range 1 

mm - 1 cm bracket the travel times to the distances, ~ lO'^ and ~ 10^ km, 

respectively (Figure 6), we suggest that recoil sublimation is a plausible acceleration 

mechanism for explaining the high velocity secondary source. This scenario also places 

the secondary source within the ion-molecule chemistry region where the strongest HCO^ 

emission was observed. 

5. Discussion 
5.1 A Model for HCO^ Formation in Comet Hale-Bopp 

HCO^ emission in Hale-Bopp appears to be concentrated in a large shell-like 

region offset from the nominal comet nucleus position in the tail ward direction (rN~10^ 

km), and extending over a several hundred thousand km, as shown in Figure 3. This 

shell-like HCO^ distribution has density peaks in the sunward (rN ~ 5 x lO'^ km) and the 

anti-solar (r^^lO^ km) directions. The sunward HCO"^ peak may be caused by two effects: 

1) a decrease in the HCO^ destruction rate (due to an increase in electron temperature 

beyond the collisionopause), and 2) stagnation/reversal of the outward HCO^ outflow due 

to mass loading of the incoming solar wind plasma. Between the collisionopause and the 

bow shock (rN~2 x 10® km) that has formed on the sunward side of the coma, mass 

loading of the incoming solar wind by the cometary pick up ions tends to decelerate and 

to redirect the coma ion outflow tailward (e.g. Gombosi et al. 1999). This ion stagnation 
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and flow reversal enhances the column densities of ions on the sunward side of the coma. 

A further enhancement of the ion densities would be expected from a sudden increase in 

electron temperature beyond the collisionopause, where the electrons are no longer 

collisionally coupled to the ion and neutral outflow (e.g. Gombosi et al. 1999, Lovell et 

al. 1998). This sunward HCO"^ peak may also be associated with the pile-up region 

identified in comet Hale-Bopp (Bouchez et al. 1999). The HCO^ enhancement rN~10^ km 

tailward is probably caused by the focusing of the ion flow (Gombosi et al. 1999). 

The distribution of HCO^ is beyond the outer boundaries of the collisionopause, 

as well. The collisionopause is defined as the area where water is the main collisional 

partner; however, there are clearly other collisional partners. The critical density for 

collisional excitation of HCO^ (J=l 0) is on the order of ~10'' cm ^ For HCO^ (J=l ^ 

0) emission to be present, these densities must exist. They are certainly high enough to 

allow for significant collisions, and to promote ion-molecule chemistry. 

For carbon monoxide and water, the overall coma abundance ratio was found to 

be n(C0)/n(H20) ~23% (Bockelee -Morvan and Crovisier 2000). The ion-molecule 

production rates of HCO'^ for reactions (5) and (6), with this correlated abundance ratio 

gives the production ratio of the two reactions to be Qj/Qg ~ k5n(H20)/kgn(C0) ~ 7.7. 

Consequently, reaction (5) is probably the dominant pathway for producing HCO^ within 

the collisionopause of the comet coma. Once HjO is destroyed, reaction (12) becomes 

the dominant source, creating the extended region of HCO^ observed well beyond the 

collisionopause. 
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5.2 The High Velocity Secondary Source 

Split nuclei have occurred for a few percent of both short and long period comets, 

with roughly 40 events documented (Boehnhardt 2002). When near the sun (R,, < 2 AU) 

individual fragments of split nuclei have well-defined comae and tails. The fragments of 

split nuclei generally fade away and disappear on rapid timescales (hours to weeks), or 

may survive many subsequent perihelion passages (e.g. Sekanina 1982, Weaver et al. 

2001). Occasionally, but not always, cometary outbursts are correlated with observed 

fragmentation events. Only the splitting of the sun-grazing comets and Shoemaker-Levy 

9 have been attributed with any certainty to gravitational tidal disruption, and no 

correlation is evident between the occurrences of split nuclei and their perihelion 

distances. The disruption, splitting and fragmentation of comet nuclei have been 

attributed to: 1) gravitational tides by the sun and planets, 2) subsurface sublimation, 3) 

rotation, 4) thermal stress and 5) collisions (Ip 2002, Boehnhardt 2002, Sekanina 2004). 

Evidence that comet nuclei are surrounded by debris fields with fragments cm-size and 

larger has been mounting for years, culminating with observations of the bright comets 

Hyakutake (C/1996 B2) and Hale-Bopp (e.g., Harris et al. 1997, Sekanina 1998a, 1998b, 

Harmon et al. 1999) 

Comet Hale-Bopp displayed a high level of activity in the form of condensations, 

jets (collimated and fan-shaped), outbursts, arcs, shells and arclets both before and after 

perihelion (e.g. Braunstein et al. 1999, Harker et al. 1999, Laffont et al. 1999, Rodionov 

et al. 1998, Manzini et al. 2001, Jehin et al. 2002, Boehnhardt 2002, Fernandez 2002). 

This activity has been explained by nozzle-like jets arising from icy patches on a rotating 
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nucleus and/or fragments ejected from the nucleus with drift velocities, Vg ~10 m/s (e.g. 

A'Heam et al. 1986, Crifo et al. 1995, Harmon et al. 1999). Observational evidence for 

distributed (non-nucleus) sources of gas and dust was also reported for Hale-Bopp, 

particularly during the months near perihelion (e.g. Bockelee -Morvan and Crovisier 

2002, DiSanti et al. 1999, Combi 2002, Ehrenfreund et al. 2002, Harris et al. 1997). 

Therefore, the suggestion that the secondary source associated with the weaker HCO^ and 

HNC velocity components arose from an ensemble of large icy grains appears entirely 

consistent with the preponderance of observations of comet Hale-Bopp in early 1997. 

The observed ratios of the secondary to the primary HNC and HCO^ integrated 

line intensities are 

where the subscripts ps refer to the stronger HNC and HCO"^ lines. As indicated by the 

HCO^ map in Fig 3, the observations on March 9, 1997, probed a line-of-sight in the 12-

m field-of-view with diameter ~ 10"^ km (Table 1). The distribution of HCO^ was shell

like, while the distribution of HNC was quite different at that time. Thus, the primary 

line components of these two species were averaged through quite different columns in 

the coma. We have argued that the secondary source producing the HjO, CO, and dust 

that drove a local excess of chemical and photolytic processes resulting in the weaker 

lines of HNC and HCO^ was probably located within a region, /?„ < 3 x 10^ km. Thus, it 

is quite remarkable that the ratios in (22) and (23) above were roughly the same within 

the observational errors, indicative of chemical homogeneity in the primary and 

Sl(HCO^)JI (HCO^)p^ = 0.063 ± 0.026 

J/ (HNC)JI (HNC)p, = 0.054 + 0.032 

(22) 

(23) 



secondary sources of HCO^ and HNC. 

The size and mass of the secondary source can be estimated assuming that the line 

intensity ratio between the two components, s ~ 0.05, is indicative of the local gas 

production rate for the secondary source, i.e. ~ sQ^^. For a monolithic spherical 

fragment, ~ s"^r„ and m,, ^ Thus, if the secondary source were a single 

fragment, ~ 4 km and ~ lO'"* kg. However the surface area-to-mass ratio for a 

grain relative to that for the comet nucleus scales as (rjrj^ (Harris et al. 1997). 

Therefore, very little total mass in the form of small icy grains is required to account for 

the secondary source gas production. We estimate the total mass required for the 

secondary source to account for the observed line ratios (21)-(22) to be on the order, 

sm^irjrj' ~ 10^ kg (24) 

The number of cm-size grains comprising the secondary source is then roughly, N ~ 

3smy4jtprg^ ~ 10" grains. As noted above, the ion-molecule reaction timescales for~ 

10"^ - 10^ km were ~ 10^ - 10^ s. Therefore, if continuously replenished (e.g. Harris et 

al. 1997), the secondary source could have sustained a gas production rate sufficiently 

high and long enough to drive the chemical reactions required to produce the observed 

HCO^ weak line component. 

5.3 Ion-Molecule Chemistry in Comets v^. Molecular Clouds 

Although ion-molecule reactions appear to be producing HCO^ and HNC in 

comets, the exact routes are different from those found in molecular clouds. The high 

abundance of certain open shell ions, such as H20^ and CO^, creates a new chemical 

network in comets. H20'^, for example, has never been detected in molecular clouds, and 
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CO^ is only seen in photon-dominated regions (PDRs). Because cometary HCO^ is 

formed primarily by the reactions of HjO + CO^, H20^ + CO, and Hj + CO^, the overall 

abundance of the ion is directly affected by that of water, CO, and their photodissociation 

products and the solar flux for photoionization. In molecular clouds, HCO^ production is 

dependent on the CO and Hj abundances and the cosmic ray ionization rate. 

Obvious differences between molecular cloud and comet ion-molecule chemistry 

are reflected in the ion abundances. As shown in Table 2, the most prevalent molecular 

ion in Hale-Bopp was HjO^, with a column density of ~ lO''^ cm"^, followed by HjO^, 

which has N,ot ~ 2 x 10^^ cm"^. HCO^ and CO^ have column densities of ~ 10'^cm"^and 5 

X 10" cm"^. The HCOVHjO^ and HC07C0^ ratios are therefore roughly ~ 0.05 and ~ 2, 

considering that observations were not always carried out on exactly the same day. In 

contrast, the most abundant ion in molecular clouds is HCO"^, which typically has ~ 

lO'^'-lO'^ cm'^ (Turner and Ziurys 1988). H30^ has been observed towards numerous star 

forming regions, with ~ lO'"* cm"^ (Phillips, van Dishoeck and Keen 1992). As 

mentioned, HjO^ has never been detected in molecular clouds, and CO^ is only found in 

certain FDR regions, where N^t ^ 4 x 10" cm"^ (Savage and Ziurys 2004). Hence, 

interstellar ion ratios are quite different from the cometary numbers, with HC0VH30^ s 

1 and HCOVCO^ s 250. 

6. Conclusions 

Observations of HCO^ towards comet Hale-Bopp, conducted with the 12 m 

telescope, indicate a large abundance of this species (~36 molecules/cm^) and the 

possibility of a secondary emission source composed of small fragments. This secondary 



component was also observed at the same date in HNC emission. Both species are likely 

products of ion-molecule chemistry, although maps of these molecules show that HCO^ 

is far more extended in its spatial distribution relative to the comet nucleus than HNC. 

HCO^ is in fact present well beyond the collisionopause, suggesting that it is produced by 

reactants that are photodissociation products of HjO, rather that HjO itself. Calculations 

indicate that the process CO^ + Hj HCO"" + H is the major source of HCO^ beyond the 

collisionopause, where almost all the water has been photodissociated, while H2O + CO^ 

is the main pathway within this critical region. The high velocity HCO"^ and HNC line 

components can probably be explained by an ensemble of large icy grains accelerated by 

sublimation recoil. The variations in spatial distributions and the possible presence of 

secondary sources all indicate that the chemistry in comets, at least high production rate 

ones, is far more complex than the simple parent/daughter model. A wide variety of 

chemical and dynamical processes are obviously occurring on very short time scales that 

have only begun to be evaluated. 
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Table 1 
Observations and Abundances Toward Comet Hale-Bopp" 

Molecule Transition UT Date v 0^ D Tr* Av^j Rh ^ 
J+l-»-J (1997) (MHz) (") (km) (K) (km s"^) (AU) (AU) (cm"') 

HCO^ 3. .2 Mar 9.95 267,557.6 23 23,640 0.42 0.52 ±0.01 
0.08 ± 0.03^= 

3.5 ±0.3 
1.5 ±1.2^ 

1.003 1.387 1.08 X 10''" 

2. _1 Mar 10.59 178,375.1 36 35,950 0.67 0.51 ±0.09 3.7 ±0.6 0.996 1.377 1.08 X 10''" 
2_ _1 Mar 20.63 178,375.1 36 34,410 0.67 0.45 ± 0.04 3.3 ±0.3 0.940 1.318 4.31 X 10"' 

HNC" 3. _2 Mar 9.92 271981.1 23 23,184 0.38 0.66 + 0.05 2.3 ±0.3 1.003 1.387 3.4 X 10'' 
0.08 ±0.03' 1.1 ±0.9'^ 

" Errors are 3 a. 
Ntot derived from rotational diagram (see text). 

"Assumes T^ot=7 K. 
'' From Ziurys et al. 1999. 
® The second component redward of the main line in Figure 1. 
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Table 2 
Molecular Ion Column Densities in Comet Hale-Bopp 

Molecule Beam Size 
(") 

N.„t 
(cm-^) 

Dates 

20 2.39 X 10''^ April 6-10, 1997 
CO^ 31 4.95 X 10"' Feb. 22, 1997 

7 1.00 X 10'^^ March 8-April 5, 1997 

HCO^ - 1.08 X 10'"^ March 9-10 & 20, 1997 

" Values calculated from equation (2), assuming 7^4= 7 K, and the data of Lis et 
al. 1997. 
'' From Bouchez et al. 1999. 
" Determined from rotational diagram (see text). 
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Figure Captions 

Figure 1: The J=3 2 transition of HCO^ at 268 GHz and the J=3 -> 2 line of HNC at 

272 GHz detected towards comet Hale-Bopp, using the 12m telescope on March 9, 1997, 

with 500 kHz (0.55 km/s) resolution. A second velocity component appears to be present 

in both spectra, shifted by about 5 km/s from the main line, indicated by arrows. The 

HNC feature is at the nominal comet velocity, while that of HCO"" is red-shifted by ~ 1.2 

km/s. The HCO^ profile also is asymmetric with a prominent red-shifted hne wing. 

Spectra are plotted in a cometocentric velocity frame. 

Figure 2: The J=2 1 transition of HCO"^ at 178 GHz detected on March 10 and 20, 

1997 towards comet Hale-Bopp, using 500 kHz resolution. A second component may be 

present in the March 10 data, as indicated by an arrow, but is not visible in the March 20 

spectrum. 

Figure 3: HCO"^ emission distribution (isophotes adapted from Lovell et al. 1999) in 

comet Hale-Bopp. Projected beam size of 12-m telescope for J=2 1 transition, 

centered on nominal position of comet nucleus at position (0,0), is indicated by the gray 

circle. Within the magnetic field-free ionopause (dot-dash line, also called the 

diamagnetic cavity), HCO'^ions expand with neutrals at 1 km/s. Ion-molecule chemical 

reactions produce HCO"^ over an extended region, a significant fraction that is outside the 

collisionopause (dashed circle with diameter 80,000 km). Ions are then picked up by the 

solar wind streaming tailward through the isotropically expanding neutral gas. The low 

intensity of HCO^ emission in the ionopause and the collisionopause regions is likely due 

to rapid destruction of these ions by dissociative recombination. 



Figure 4: Rotational diagram for HCO"^ in comet Hale-Bopp (March 1997). Filled circles 

indicate data presented from this study, while the unfilled circles show data from 

Narayanan et al. (1997). The diagram indicates = 1.1 x 10'^ cm"^ and Trot= 7 K for 

HCO^ 

Figure 5: A plot illustrating the relative importance of the reactions H20^ + CO, HjO + 

CO"^, and + Hj in the production of HCO"^. Inside the collisionopause (indicated by 

the dashed line at 10^ km), water and are the major precursors. However, near the 

edge of this region, the Hj abundance has sufficiently risen to enable the pathway Hj + 

CO^ to dominate HCO^ synthesis. 

Figure 6: Relation (solid line) between the mass of a grain, and its distance from the 

nucleus for unidirectional sublimation recoil acceleration (R,, = 1 AU) constrained by the 

observed velocity difference between the primary (nucleus) and secondary source. The 

grain lifetimes and the plot indicate that an ensemble of secondary fragments with radii of 

r^f ~ 1 mm to 1 cm within < 3 x 10^ km may explain the observed HNC and HCO"^ 

weak line velocities and intensity ratios. 
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ABSTRACT 

The = 0-^ 1 transition of SH"^ in its ground electronic state has been recorded using submillimeter 
direct absorption/velocity modulation techniques. This molecular ion was created in an alternating current dis
charge of HjS and argon, or CH3SH in argon. Four hyperfine lines of the = 0 1 transition were measured: 
three near 526 GHz and one near 346 GHz, arising from the 7 = \ -*2 and 7=1-^0 spin components, 
respectively; these four lines contribute 64% of the total intensity of the /V = 0 1 transition. The measurements 
have been used to refine the molecular constants of SH"^, in particular the fine-structure parameters. Both the 
transition frequencies and the derived constants are in good agreement with previous laser magnetic resonance 
data. This study has resulted in very accurate rest frequencies for SH^, which is predicted to be an abundant 
species in photon-dominated regions. 

Subject  headings:  astrochemistry — ISM: molecules — methods: laboratory — molecular data 

1. INTRODUCTION 

Molecular ions are the building blocks of interstellar chem
istry. Ion-molecule reactions, which typically proceed at the 

Langevin rate (~10~^ cm^ s~'), are efficient even at the low 
temperatures and densities present in molecular clouds (Herbst 
& Klemperer 1976). Furthermore, the mean free path in these 

objects is sufficiently large that molecular ions can exist in 
large abundances and thus can be detected by telescopes across 
the wavelength bands. Of the approximately 120 known in

terstellar molecules, however, only 15 are ions. The dearth of 
these species is in part due to the lack of accurate rest fre

quencies for these reactive molecules, which are generally 
much more difficult to observe in the laboratory than their 
neutral counterparts. The inherent instability of molecular ions, 

especially those which are open-shell, necessitates the use of 
very sensitive techniques to measure their spectra with rota

tional resolution. Consequently, despite the many unusual ions 
predicted to exist in interstellar environments, only a small 
fraction of such species has been studied in the laboratory. 

Because hydrogen is the most abundant element in the inter
stellar medium by a large margin, diatomic hydrides are the most 

common form of interstellar species. Certainly various simple 
hydrides such as OH (Barrett et al. 1964), CH (Tumer & Zuck-
erman 1974), and SH (Yamamura et al. 2000) have been detected 
in interstellar gas, and some are found in a wide variety of 
sources. Since ion-molecule reactions are important in molecular 

clouds (Herbst & Klemperer 1976), diatomic hydride ions should 
also be present in observable quantities. However, CH"^ is the 

only hydride ion yet detected in the interstellar medium. The 
rotational spectra of OH"^ and NH"^ are known, but their fun
damental transitions he near 1 THz and thus pose difficulties for 
astronomical identification because of the low (or nonexistent) 
atmospheric transmission in this spectral region. 

Another likely candidate for interstellar detection is SH"^. In 
fact, this molecular ion is predicted to have a similar abundance 
to CH"*^ in regions where magnetohydrodynamic (MHD) shocks 

have taken place (Millar et al. 1986). In such gas, SH"^ is 
thought to be formed from endothermic reactions that can pro

ceed because of the elevated kinetic temperatures arising from 
the shock. Two possible synthetic pathways are 

S-' + H^-^SH^ + H, (1) 

H,S^ + + Hj. (2) 

SH"^ is also predicted to be abundant in photon-dominated 

regions, where the hot, highly ionized gas enables its formation 
by reactions (1) and (2). In the warm outer edges of photon-
dominated regions, the dissociative recombination of SH"*" is 
thought to be the dominant source of atomic sulfur (Sternberg 
& Dalgamo 1995). 

SH"^ has been studied by a variety of laboratory spectro
scopic techniques, including optical emission, infrared velocity 
modulation, and laser magnetic resonance (LMR) methods. 
Rostas et al. (1984) recorded the A electronic system 
of SH"^, resulting in a detailed analysis of these electronic en
ergy levels and obtaining preliminary values of the rotational, 
spin-spin, and spin-rotation constants for both states. This work 
was followed by IR velocity modulation measurements of the 

= 0-» 1 rovibrational spectrum from 2390 to 2600 cm"' by 
Brown et al. (1986), who further refined the values of the 
constants obtained by the optical study. Hovde & Saykally 
(1987) recorded several of the pure rotational transitions of 
SH"^ and determined the rotational, spin-rotation, spin-spin, and 
hyperfine constants accurately, using LMR. However, because 
the measurements were made in a strong magnetic field (~4-
10 kG), the predicted frequencies resulting from this study did 
not quite have the precision required for a definite astronomical 
search. For example,  the f requencies of  the N = 0  ̂  I ,  J  = 

1 -»0 lines near 346 GHz were predicted to have an accuracy 
of ±18 MHz. 

Here we report the direct measurement of the = 0 ̂  1 
transition of SH"^ in its ground electronic state, using a 
combination of direct absorption and velocity modulation meth
ods. Four hyperfine components originating from two spin lev
els (7 = 1 0 and J = 1 2) were recorded. These data were 
used to refine the rotational constants of this ion in its ground 

PROOF 1 
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SH+FX^S-): N = 0->1 

TABLE 1 

OBSERVED TRANSITION FREQUENCIES OF (X'E")" 

FIG. 1.—Energy-level diagram of the = 0 and 1 rotational levels of SH' 
in its 'E" ground electronic stale, including fine and hyperfine splittings. The 
electric dipole-allowed transitions aie shown by arrows; those measured in 
this work arc indicated by the solid black anows. 

State as well as provide accurate rest frequencies for astronom

ical searches. 

2. EXPERIMENTAL 

The measurements were carried out using a new quasi-optical 
ion spectrometer of the Ziurys group, which operates at mil-
limeter/submillimeter wavelengths. This apparatus is based on 
the direct absorption spectrometers used in the Ziurys lab (Ziu
rys et al. 1994) but also incorporates the infrared technique of 
velocity modulation to distinguish ion signals from those of 
neutral species. Details of the spectrometer will published else
where (Savage & Ziurys 2004b). Briefly, the spectrometer con
sists of a radiation source, a double-walled glass reaction cell, 
and a detector. Electrodes are located at either end of the cell, 
which is a single-pass system. An radio-frequency power sup
ply is connected to the electrodes and used to create an alter
nating current (AC) discharge longitudinally along the spec
trometer Phase-sensitive detection is used in both source and 

velocity modulation modes at rates of 25 and 20 kHz, respec
tively, with detection at 2f and 1/ 

The SH^ ions were produced in the AC discharge using a 
mixture of approximately 0.5 mtorr of H,S in 50 mtorr of argon. 
The radio-frequency power supply was typically operated with 
an output power of 150-200 W, producing a bluish-purple 
plasma that is lighter in color than the deep purple of a pure 
argon discharge. In the LMR study, helium was used as the 
carrier gas, but in this experiment argon was found to produce 
a more stable plasma and stronger SH"*^ signals (Hovde & Say-
kally 1987). Also, adding too much H^S (more than 1 mtorr) 
greatly reduced the signal strength. A low concentration of H2S 
is necessary to produce SH"^ because an excess of this precursor 
leads to the formation of H3S^. 

Line widths of the observed transitions were typically 
1.5 MHz in source-modulation mode, and slightly broader 
(1.8 MHz) in velocity-modulation mode. The actual transition 
frequencies were measured from pairs of source-modulated 
scans, 5 MHz wide, with an equal number in increasing and 
decreasing frequency. To obtain an adequate signal-to-noise 

J"-* J' - ''cat 
Relative Intensity 

(%) 

0 - I  1 ^ 0  3/2 1/2 345929.810 -0.059 9.6 
1 2 1/2 ^ 3/2 526038.722 -0.054 19.1 

3/2 -»5/2 526047.947 0.015 34.3 
3/2 - 3/2 526124.976 -0.064 3.8 

' All values in units of MHz; residuals from fit to hyperfine constants 
(see text). 

ratio, as many as 30 scan pairs were averaged. Gaussian profiles 
were fitted to the lines to obtain the center frequencies, line 
widths, and relative intensities. 

3. RESULTS AND ANALYSIS 

In order to measure rotational lines of SH^, the frequencies 
were first predicted using the constants of Hovde & Saykally 
(1987). As shown in Figure 1, the = 0 1 transition of this 
ion consists of three spin components for AJ — 0, ± 1 or 
Af; = 0, li, I2, and lo- (The spin levels arise from the pres
ence of the two unpaired electrons). In addition, the hydrogen 
nucleus has a spin of / = 1/2, additionally splitting these levels 
into hyperf ine components,  labeled by the quantum number F, 
where F = I -h J. The rotational transitions of SH"^ thus cluster 
around three frequencies for each spin component: 526 GHz 
for 7 = 1^2 (the strongest t ransi t ions),  346 GHz for J = 
1 0, and 683 GHz for 7 = 1 1. 

Initially, the three hyperfine lines of the 526 GHz transition 
were searched for in source-modulation mode. Three lines were 
found near the frequencies predicted from the LMR data for 
the F = 3/2 5/2 and F ~ 1/2 ^ 3/2 transitions, which rep
resent 34.3% and 19.1% of the transition intensity, respectively, 
and are the strongest components. These lines were then reob-
served using velocity modulation, and only two remained, in
dicating that they arose from an ionic species. The third line 
is attributed to an unidentified neutral molecule. The two ionic 
lines had an intensity ratio of •-2 : 1, as expected for these two 
components. Next, source modulation was used to search for 
the weaker F = 3/2 3/2 line (theoretical relative intensities 
are given in Table 1). After considerable signal averaging (134 
scans), two weak features separated by ^2 MHz were detected 
near the predicted frequency. This "doublet" persisted when 
observed with velocity modulation, and hence it had to arise 
from an ion. Because SH"^ is a radical in a 'E state, first-order 
splitting from the Earth's magnetic field (approximately 0.6 G) 
is hkely. Using the ^-factors obtained by Hovde & Saykally 
(1987), this transition was calculated to be Zeeman-split into 
six lines, which are blended into two groups separated by 
2.1 MHz. Consequently, the cell was covered with a /i-metal 
shield in order to cancel out the Earth's magnetic field, and 
the spectrum was reobserved. The doublet was then found to 
collapse into a single line with approximately twice its previous 
intensity, confirming that the splitting was due to magnetic field 
interact ions.  Final ly,  a search was carr ied out for  the J = 

1 -> 0 lines near 346 GHz. The stronger F — Vl-* HI com
ponent was detected after a signal averaging 44 scans using 
source modulation, and the line was also present in velochy-
modulation mode. However, the F — Ml-* 1/2 line could not 
be found—not surprising, given that it has an intensity one-
half that of the latter component. As an additional test, methyl 
mercaptan (CH3SH) was used as a substitute precursor for H,S. 
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0.08-
SH+(X3r): N = 0^1,J=l->2 

Source Modulated lA F = 5/2 —» 3/2 

> B 

0.04- F = 3/2->1/2 

0.00 

0.08 • Velocity Modulated 

F = 5/2 3/2 

F = 3/2-> 1/2 

526048 

V (MHz) 

526038 526058 

FIG. 2.—Representative spectra of the N = 1 -»0, 7 = 1 -» 2, F = 1/2 -» 
3/2, and F — 312-* 5/2 lines of SH (X'E") near 526 GHz observed in this 
work. The top panel displays the spectra obtained in source-modulation mode. 
Three features are present in the spcctra. The boitom panel shows the velocity-
modulated data, and only two lines remain, which are due lo the SH"" ion (the 
other line is unidentified). The top spectrum is an average of two scans, while 
the bottom one is a four-scan average. Scan lime in both cases is 24 s. 

All four lines were again observed, indicating that they arise 
from a molecule containing the SH moiety. Frequencies of the 
observed transitions are given in Table 1. 

Figure 2 shows representative spectra of the F = 3/2 -* 
5/2 and F = 1/2 -» 3/2 transitions of the 7 = 1 2 spin com
ponent using both source- and velocity-modulation modes. The 
SH"^ lines show the predicted intensity ratio of 2 : 1 in both 
spectra. The axes are the same for both data sets, illustrating 
the relative signal strength of the two modulation techniques. 
Furthemiore, the velocity modulated lines are somewhat 
broader and have an unusual line shape—not a simple first-
derivative profile as might be expected. This line profile arises 
from a first-derivative shape generated by a sinusoidal (as op
posed to square-wave) modulation and has been accurately 
reproduced by modeling. Further details can be found in Savage 
& Ziurys (2(X)4b). 

The data were fitted using a nonlinear least-squares analysis 
to the following effective case b Hamiltonian: 

: K,, + K, + K, + (3) 

The Hamiltonian consists of rotational, fine-structure (spin-
rotation and spin-spin interactions), and hyperfine contribu
tions. Because only four frequencies were recorded, all arising 
from the = 0 1 transition, BQ and /)„ were fixed to the 
values obtained by Hovde & Saykally (1987). This left four 
constants to be determined: X and y, the spin-spin and spin-
rotation parameters, and hp and c, the hyperfine constants. The 

TABLE 2 

SPECTROSCOPIC CONSTANTS FOR SH ' (X'E")* 

Parameter This Work LMR*" 

5o ...^ 273808.4(2.0) 
Do ...' 14.502(76) 
7 -4972.52(15) -4972.7(3.9) 
X 171234.04(34) 171236(12) 

br -56.87(24)" -56.83(36) 
c 33.4(2.0)" 33.09(39) 

' In units of MHz; errors are 3 a. 
^ Hovde & Saykally (1987). 
' Fixed to the LMR value. 
'' Fiued separately from y and X (see text). 

two fine-Structure parameters were first fitted by fixing the 
hyperfine constants to the LMR values. Then, the values of X 
and 7 were fixed, and the hyperfine constants were fitted. The 
results of this analysis are given in Table 2. A global fit varying 
all four constants was also performed as a check; it reproduced 
the values from the two separate fits within the errors. As shown 
in the table, the millimeter-wave work has refined the constants 
obtained from LMR, in particular the spin-spin constant X. The 
rms values of the separate fits to the fine-structure parameters 
and hyperfine constants were 93 and 73 kHz, respectively. 

4. DISCUSSION 

Molecules with electronic ground states typically have spin-
spin constants that are large compared with the rotational con
stant. For example, SO has GHz and X^ 158 GHz 
(Clark & Delucia 1976). However, in diatomic hydrides, be
comes comparable to or even larger than X. SH^ follows this 
trend, as does the isoelectronic system OH"^, with ~ 492 GHz 
and X — 64 GHz (Gruebele et al. 1986). One would expect the 
approximate factor of 2 increase in mass from OH"*" to SH"^ to 
decrease the rotational constant proportionately, as is observed. 
The spin-rotation constant, to first order, should scale as the 
rotational constant as well, suggesting y (SH^) -—2.5 GHz for 
7(OH^) = -4.53476 GHz. However, y (SH^) is -4.9727 
GHz, a factor of 2 larger. Furthennore, in SH"^ the value of X 
(171.23 GHz) is nearly a factor of 3 larger than that of OH^. 
Both these effects are due to second-order spin-orbit interactions, 
which arise from perturbations from nearby excited ^11 states 
(Lefebvre-Brion & Field 1986). In fact, the spin-spin constant 
X can be expressed as the sum of the direct spin-spin contribution 
and the second-order spin-orbit interaction: 

Xyff = Xss + (4) 

The second-order term arises from perturbations to the ground 
state from the nearest state, which interacts with the 
Q = 0 component of the state. As discussed by Lefebvre-
Brion & Field (1986), the value of X^o can be estimated from 
the spin-orbit constant (4) of the lowest-lying ^11 state as 
follows: 

2A\'U) 
' ECL^)-ECL-)' (5) 

For SH"^, the /4-value of the state is —216.6774 cm"', and 
the energy difference between the and states is 
19,276 cm""' (Rostas et al. 1984). Therefore, the spin-orbit 
contribution to X is 4.871 cm"' or 146.0 GHz. For OH^ 
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(A = -83.83 cm"', AJ? = 28438.55 cm"'; Merer et al. 1975), 
an identical calculation yields X,„ = 0.494 cm"' or 14.8 GHz, 
almost an order of magnitude smaller. The difference between 
SH"'^ and OH"'" therefore lies in the spin-orbit parameter A for 
the nearest '11 state, which is larger for SH"'^. This increase 
probably reflects the larger spin-orbit constant of atomic sulfur 
relative to that of oxygen (Lefebvre-Brion & Field 1986). 

The second-order contribution to 7 can also be estimated, 
assuming that the A '11 state is the major perturber. Using the 
matrix expression of Brown et al. (1979), this contribution is 
calculated to be 

" ECZ-y-ECH)' ^ 

where f is the atomic spin-orbit constant of sulfur and 
£'('E")-£(^n) is the energy difference between the ground and 
the A states (30,345 cm"'; Rostas et al. 1984). Using 
Bo = 9.1 cm"' and ^(5) = 382.4 cm"' (Lefebvre-Brion & 
Field 1986), 7*^' for SH^ is approximately —0.162 cm"', or 
—4.86 GHz. Therefore, the second-order contribution domi
nates the value of 7. 

The direct zero-field measurements of the N ~ 0^  \  tran
sition of SH"^ will enable viable astronomical searches for 
this ion at submillimeter wavelengths to be conducted. The 
accuracy of these direct measurements (±75 kHz) is greater 
than that estimated for the LMR zero-field extrapolations 
(±1.6 MHz at 526 GHz and ± 18 MHz at 346 GHz). This 
accuracy is crucial for searches in interstellar sources, es
pecially toward objects such as TMC-1, which has typical 
line widths of 0.5 km s"' (or 0.88 MHz at 526 GHz), or 

toward star-forming regions, where the line density is ex
tremely high. SH"^ could possibly be formed in both types 
of regions from protonation of atomic sulfur by HJ, a fast 
reaction {k = 2.6 x 10"®; Le Teuff et al. 2000). The dipole 
moment of SH^ has been calculated to be 1.29 D (Sene-
kowitsch et al. 1985). 

The best candidates for observations are the strongest hy-
perfine lines near 526 GHz. However, this frequency band is 
obscured by the atmosphere, such that the 526 GHz transitions 
will require instruments such as Herschel or SOFIA. The 
J = 1 0, F = 3/2 1/2 component near 346 GHz, on the 
other hand, is accessible by ground-based instruments. Because 
SH"^ is predicted to be abundant in photon-dominated regions, 
a search toward the Orion bar may offer the best chance for 
detecting this ion in an interstellar source. Other clouds of 
interest are NGC 2023 and M17SW, where the open-shell ion 
CO"^ has been detected (e.g.. Savage & Ziurys 2004a). Abun
dance calculations for regions impacted by MHD shocks also 
suggest that SH"^ may be present in diffuse gas (Millar et al. 
1986). The molecular ion HCO"^ has been detected by milli-
meter-wave observations toward the famous diffuse cloud f 
Ophiuchi (Liszt & Lucas 1994); this object may be a good 
target for SH^. An open-shell ion may be more prevalent in 
diffuse gas, where the mean free path is larger. Clearly, there 
is much more work to be done in the study of interstellar 
molecular ions, including laboratory spectroscopy, astronom
ical observations, and theoretical modeling. 

This work is supported by NASA grant NAG5-12719. C. S. 
also thanks NASA for a GSRP fellowship, which supported 
most of this work. 
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ABSTRACT 

The A' = 1 —» 0 transitions of '^CN and '^CN(X^S+) at 113.5 and 108.8 GHz, respectively, have been 

observed in a sample of 13 Galactic molecular clouds using the Kitt Peak 12 m radio telescope. The objects 
studied include the Galactic center [SgrB2(OH)], sources in the solar neighborhood such as Orion A and 
NGC 2024, and various other clouds with and without star formation. Hyperfine structure, arising from the 
nitrogen nuclear spin, was resolved in the spectra of both species, enabling an accurate determination of the 
opacity in '^CN. From these measurements, estimates of the '^C/"C isotope ratio were obtained. These val
ues fall in the range '^C/"C ~ 20-70 and exhibit a noticeable gradient with distance from the Galactic cen
ter. In general, the ratios obtained from CN are very similar to those determined from millimeter 
observations of CO but are consistently lower than those derived from H2CO. If chemical fractionation is 
occurring in CN, it is comparable to that in CO. The highest '^C/"C ratios (65 ± 12 and 70 ± 11) were 
obtained toward two known photon-dominated regions (the Orion Bar and NGC 2024); CN in these two 
sources may be undergoing some isotope-selective photodissociation. The '^C/'^C ratio of 43 ± 7, found in 
Orion A, is similar to that determined from optical observations of CN toward a nearby source, ( Ophiuchi, 
but significantly lower than the average value found in comets (90 ± 10). This difference suggests that sub
stantial enrichment of '^C has occurred during the past 4.6 Gyr in the solar neighborhood. 

Subject  headings:  astrochemistry — Galaxy: abundances — ISM: abundances — ISM: clouds — 
ISM: molecules — radio lines: ISM 

1. INTRODUCTION 

The '^C/"C isotope ratio in interstellar gas is thought to 
be a sensitive indicator of the degree of stellar nuc
leosynthesis and therefore Galactic chemical evolution. 
Carbon-12 is produced predominantly in helium burning 
via the 3a reaction, considered to be a primary nucleosyn-
thetic process (Woosley & Weaver 1995). In contrast, "C is 
formed from '^C with some equilibrium concentration 
during the catalytic CNO cycle, which also destroys it, 
making this isotope a product of secondary processes. The 
CNO cycle occurs primarily in the red giant/supergiant 
phases, and the '^C abundance is partially preserved 
because of dredge-up mechanisms (Blocker 1999). It is 
thought that as more stars form, the contribution of secon
dary processes in nucleosynthesis increases relative to pri
mary ones. Consequently, as the Galaxy evolves, more "C 
should be produced relative to '^C, lowering the '^C/"C 
ratio (Timmes, Woosley, & Weaver 1995). 

Measurements of this important isotope ratio have been 
carried out for many years across the Galaxy, using both 
radio and optical spectral measurements. In general, the 
carbon ratio has been obtained by observing '^C and '^C 
molecular isotopomers in diffuse and dense clouds. Opti
cally, such measurements include CH+ (see, e.g., Hawkins, 
Craig, & Meyer 1993; Centurion, Cassola, & Vladilo 1995), 
CN (Kaiser, Wright, & Hawkins 1991; Roth & Meyer 

1995), and CO (Lambert et al. 1994). In the radio/milli
meter regions, CO (Langer & Penzias 1990, 1993) and 
H2CO (Henkel, Glisten, & Gardner 1985; Henkel, Wilson, 
& Bieging 1982) are the major sources of '^C/"C ratios. 
Very recently, submillimeter observations of neutral carbon 
and C+ fine-structure lines (Keene et al. 1998; Boreiko & 
Betz 1996) have additionally been used as ratio indicators. 

None of these tracers, however, are particularly ideal. 
Optical measurements of '^C isotopomers are typically lim
ited by poor signal-to-noise ratio (Hawkins et al. 1993). 
Radio lines are stronger and better resolved, but the '^C spe
cies are usually very abundant and hence exhibit transitions 
that have high opacities. Such opacities are difficult to eval
uate, and thus '^C/'^C ratios obtained are often underesti
mated. Consequently, for CO, double ratios involving C"0 
are used (see Wilson 1999 for a discussion), or, as for H2CO, 
LVG modeling is employed for opacity estimates. All 
molecular measurements also may be subject to chemical 
fractionation, resulting from the fact that the "C iso-
topomer has a slightly lower zero-point energy, favoring 
this species over its '^C counterpart (Watson, 
Anicich, & Huntress 1976). Another effect is isotope-
selective photodissociation, which, in regions of high UV 
flux, favors the more abundant '^C isotope because of self-
shielding (van Dishoeck & Black 1988). Other ratio-altering 
phenomena such as " "C starvation " are possible as well 
(Langer et al. 1984; Lucas & Liszt 1998). Naturally, direct 
measurements of C and C+ are intrinsically more reliable, 
but observations of these fine-structure lines are difficult 
because of atmospheric conditions at submillimeter/far-IR 
wavelengths. 

' NASA Graduate Student Research Program Fellow. 
- DeFrancis Fellow, National Italian-American Foundation. 
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Nonetheless, many Galactic measurements of the 
ratio have been conducted using these molecular 

tracers. As summarized by Wilson & Rood (1994) and 
Wilson (1999), the ratios vary from as low as ~ 20 
at the Galactic center to values greater than 100 at distances 
of 8-10 kpc from the center. The local ISM value is 69 ± 6. 
Thus, there appears to be a distinct gradient to this ratio 
with Galactic center distance. Moreover, it has been found 
that values obtained from H2CO are usually higher than 
those derived from CO. This difference is thought to occur 
because highly stable '^CO serves as an effective reservoir 
for carbon-13 (Langer et al. 1984). Finally, local ISM values 
vary significantly from the solar system ratio of 89 (Anders 
& Grevesse 1989). The ratios are thought to disagree 
because the solar isotope value reflects conditions in the 
interstellar medium at an earlier epoch (see, e.g., Wyckoff et 
al. 2000). 

In an effort to better establish '^C/"C ratios throughout 
the Galaxy, as well as understand the chemistry of isotopic 
fractionation, we have conducted millimeter observations 
of another molecular tracer of this quantity: CN. This spe
cies was chosen because it exhibits appreciable hyperf^ne 
(hf) structure. (It is a radical with a ground electronic 
state and contains a nitrogen atom, which has a nuclear spin 
of / = 1.) Consequently, rotational transitions of CN are 
split into hf components from which opacities and 
abundances can be accurately evaluated. In addition, CN is 
sufficiently prevalent in molecular clouds such that its "CN 
isotopomer is generally detectable. CN therefore offers a 
means to establish '^C/"C ratios without the use of double 
isotope measurements or model-dependent opacity 
determinations. 

To obtain carbon isotope ratios, the A' = 1 —• 0 transi
tions of '^CN and "CN were observed at 113 and 108 GHz, 
respectively, using the Kitt Peak 12 m telescope. A sample 
of molecular clouds was studied, including several star-
forming regions. A range of opacities was found for "CN, 
necessitating an accurate evaluation of the optical depth 

effects in the calculation of the "C/'-^C ratios. Here we 
present our results, compare them with previous carbon 
isotope ratios, and discuss these data in the context of 
chemical fractionation, isotope-selective photodissociation, 
and the chemical evolution of the Galaxy. 

2. QUANTUM MECHANICS OF THE 
CN RADICAL (X ^-•£+) 

"CN and "CN are both free radicals with one unpaired 
electron in a CT orbital, which gives rise to a ^11+ ground elec
tronic state. As with most molecules, the spectrum of 
"CN is best described by a Hund's case h^j coupling 
scheme. For such coupling, the electron spin angular 
momentum S adds to the molecular f rame rotat ion N {=R) 

to generate a total angular momentum / (neglecting nuclear 
effects), namely, N + S = J. This coupling results in two 
fine-structure levels per rotational transition. The nuclear 
spin angular momentum of the nitrogen atom / then couples 
with J to form a total angular momentum F, where 
F = I + J. This splits each fine-structure doublet further 
into hf levels. The quantum number labeling for each energy 
level in "CN therefore concerns N, J, and F, and selection 
rules for electric-dipole allowed transitions are AiV = ±1, 
AJ = 0, ±1, and AF = 0, ±1 (0 0). 

Vol. 578 

The quantum mechanical structure of "CN is more 
complicated because, in addition to the nitrogen spin, the 
"C nucleus is present. This nucleus also has a spin (/ = 0, 
which couples to the rotational and electron spin angular 
momenta (Bogey, Demuynck, & Destombes 1984). The 
coupling scheme that best describes the spectrum of "CN is 
a combination of Hund's cases 6^7 and 635. In this scenario, 
the electron spin first couples with the "C nuclear spin 
(S +1\ = f)), as in the bfjs case. The molecular frame rota
t ion N then adds to F\ to form angular momentum F2,  

which subsequently couples with the second nuclear spin 
from the nitrogen atom I2 to generate the total angular 
momentum F, i.e., N + F\ = Fi and Fj + Iz — F—closer 
to coupling. Quantum numbers N, F\, F2, and fare thus 
required to label all energy levels of "CN, and the selection 
rules on f 1 and Fj are AFi = 0, ± 1 and AFj = 0, ± 1. 

3. OBSERVATIONS 

The measurements were carried out in several observing 
sessions during the period from 1996 June to 2002 January 
using the former National Radio Astronomy Observatory 
(NRAO)' 12 m telescope at Kitt Peak, Arizona.'' The 
observing frequency used for the A' = I —> 0 transition of 

"CN was 113,490.985 MHz and that used for "CN was 
108,782.374 MHz. The beam sizes at these frequencies are 
estimated to be 59" and 58", while the main-beam efficien
cies »7r are 0.82 and 0.84. The receiver used was a dual-
channel, cooled SIS mixer, operated in single-sideband 
mode with about 20 dB image rejection. The temperature 
scale was determined by the chopper wheel method, cor
rected for forward spillover losses, and is given in terms of 
T^, where Tjt = T^/r]c. The back ends used were two 256 
channel filter banks with different spectral resolutions con
figured in parallel mode (2 x 128 channels) for the two 
receiver channels. Typically, the 250/500 kHz resolution 
combination was employed for most molecular clouds, 
although 1000/2000 and 100/250 kHz combinations were 
also used for certain very warm or very cold objects. The 
millimeter autocorrelator was also employed for an addi
tional back end with spectral resolutions ranging from 24 to 
768 kHz. All data were taken in position-switching mode, 
with the off position 30' west in azimuth and a switching rate 
of 15 s. Pointing was established by observations of planets 
and quasars. 

The N = I 0 ,  J  = 3/2 —» 1 /2 transition of "CN con
sists of two spin-rotation components, sufficiently separated 
in frequency such that only one component can be observed 
at a time. The stronger doublet, 7 = 3/2 —» 1/2, was chosen 
for measurements; it consists of five hf components, sepa
rated by a total of 32 MHz, which comprise two-thirds of 
the intensity of the TV = I 0 transition, as shown in 
Table 1. The strongest hf component, F = 5/2 —> 3/2, con
tains 33% of the total intensity. Using the frequency of this 
line (113,490.98 MHz) as the center, all five hf components 
could be observed simultaneously in the 500 kHz or 1 MHz 
filter banks. This situation was the setup for most of the 
sources observed, except for the dark clouds. 

^ NRAO is operated by the Associated Universities, Inc., under co
operative agreement with the National Science Foundation. 

''The Kitt Peak 12 m telescope is currently operated by Steward 
Observatory (Univershy of Arizona), with support frotn the National 
Science Foundation and the Research Corporation. 
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TABLE 1 

FREQUENCIES AND RELATIVE INTENSITIES OF THE OBSERVED HYPERFINE 
COMPONENTS OF CN AND '^CN 

Frequency 

Isolopomer Transilion Component (MHz) Relative Intensity 

'^CN^ I-.0 F= 3/2-^1/2 113488.142 0.1235 
7= 3/2^1/2 5/2^3/2 113490.985 0.3333 

F= 1/2-^1/2 113499.643 0.0988 
F= 2I2~^3I2 113508.934 0.0988 

F^ 1/2^3/2 113520.414 0.0123 
"CN"" N= 1^0 F= 3^2 108780.201 0.200 

F7=2^\ F= 2^1 108782.374 0.107 
F=2-^2 108796.400 0.036 
F= 1^1 108793.753 0.036 
F= 1^0 108786.982 0.048 

^ From Skairud el a!. 1983. 
From Bogey et al. 1984. 

The = I —+ 0 transition of ^'CN, in contrast, consists 
of four groups of hf lines indicated by quantum number Fi 
(Fj ^ /"j = 0 —> 1, 1 —> 2, 1 ^ 1, and 1 0; see Bogey et 
al. 1984). The strongest hf line is the = 2 ^ 1, f = 3 -» 2 
component at 108,780.2 MHz (see Table 1), which contrib
utes 20% of the total intensity of the transition. Four other 
hf lines lie within 16 MHz of the /^ = 3 -» 2 transition but 

are considerably weaker. Again, it was possible to observe 

all five hf lines simultaneously in the 500 kHz or 1 MHz 
filters. 

A total of 13 molecular clouds were observed in '^CN and 
"CN. The sources and their coordinates are listed in 
Table 2. Typical integration times were 1-2 hr for '^CN and 
4-12 hr for "CN. 

4. RESULTS 

The '^CN and "CN measurements are summarized in 
Table 2, where the antenna temperatures, LSR velocities, 
and line widths are given for all detected hf components. 
These parameters, and their errors, were determined by 
Gaussian fits to the line profiles. In general, both '^CN and 
"CN were detected in all sources except L134N, where the 
"CN isotopomer was only tentatively observed. Also, all 
five hf lines of '^CN (J = 3/2 —• 1/2 component) were 
detected in clouds where larger bandwidths could be used, 
with the exception of W49 and Orion A. In these objects, 
the weak F = 1/2^3/2 component (1.23% total intensity) 
was not observed. Two sources had '^CN spectra that 
showed evidence of self-reversal [DR-21(OH) and 
SgrB2(OH)], and one source, W49, had data consisting of 
two velocity components. Toward L134N and TMC-1, only 
the two strongest hf lines of'^CN were present in the narrow 
bandpass necessary for these sources; both were observed. 

For "CN, usually only the two strongest hf components, 
F — i —> 2 and F = 2 1, were detected in most objects. 
They are 2 MHz apart in frequency and so were often 
blended together. However, toward DR-21(OH), 
SgrB2(OH), and W3(OH), additional, weaker '^CN hf lines 
were also visible in the data. 

The spectra of both '^CN and "CN for each source are 
presented in Figures la-lm. Here some interesting effects 
are visible. For about one-third of the objects, the '^CN 

lines appear to be optically thin and follow the 

f = 5/2-* 3/2 : 3/2 1/2: 1/2 1/2 : 

3/2^3/2: 1/2-^3/2 

= 0.33:0.12:0.099:0.099:0.012 

intensity pattern. Good examples are Orion A and the 
Orion Bar (see Figs. If and 1^:). In most of the objects 
studied, however, the '^CN, A' = 1 -+ 0 transition appears 
to be somewhat optically thick, as indicated by stronger 
F = 3/2 ^ \/2, 1/2^1/2, and 3/2—>3/2 components 
relative to the main line. Sources where larger opacities are 
clearly present are NGC 2024 (Orion B) and NGC 7538 
(Figs, la and \ h). In some sources, the F = 1/2 —» 1/2 com
ponent appears anomalously weak, in particular W33 and 
G34,3 (Figs. 1( and le). In fact, the intensity ratio of this line 
to the main line is not consistent with intensity ratios of 
other components. This effect could result from subtle dif
ferences in collisional cross sections for the hf levels as a 
function of temperature but needs further investigation. An 
even more pronounced non-LTE ratio is observed in the 
'^CN spectrum of TMC-1, where the weaker 3/2 —» 1/2 
component is stronger than the 5/2^3/2 line (see Fig. 
Im). In the limit of very large optical depths, as observed in 
L134N, the F = 3/2 —• 1/2 line should be equal in intensity 
to the main component (Fig. 1/) but not stronger. 

The "CN spectrum obtained toward DR-21(OH) is clear 
evidence that the absorption " dips " in the '^CN data arise 
from self-reversal (Fig. Irf). Certainly such self-reversal has 
been observed in other molecules of comparable abundance 
to CN in this cloud (see Richardson et al. 1986). Figure Ic 

shows the W49 data; the double-peaked profiles in '^CN in 
this case can be attributed to two distinct velocity compo
nents near 4 and 12 km s"', which probably are also present 
in the "CN data. The presence of these two components has 
been recognized in N2H+ and other molecules (see, e.g., 
Womack, Ziurys, & Wyckoff 1992). Finally, the 
SgrB2(0H), '^CN spectrum, presented in Figure I/, exhibits 
strong features not present at the typical hf frequencies. The 
anomalous positions of the '^CN lines likely arise because 
of the superposition of absorption and emission features of 
the stronger hf components. In the "CN data, a strong 
absorption feature exists near the frequency of the main hf 
line. However, all the other "CN components appear as 
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TABLE 2 

OBSERVATIONS OF '-CN (A'^ = 1 -• 0,7 = 3/2 1/2) AND'^CN {N = I 0, F2 = 2 —> 1) TOWARD MOLECULAR CLOUDS 

n AK,/2 VLSK 
Source a(B1950.0) <J(B1950.0) Isotopomer hfComponenl (K) (kms"') (kms"') 

W3(0H)^ 0223 17.0 61 3854 CN 

'^CN 
^'49"" 190749.8 0901 17 CN 

'^CN 

DR-21(0H)"^'' 20 37 14.0 421200 CN 

'^CN 

G34.3^ 185046.4 01 11 14 CN 

'•^CN 

Orion 05 32 46.8 -05 2423 CN 

'^CN 
W51M^ 1921 26.2 142443 CN 

i-^CN 
NGC7538'^ 23 11 36.6 6111 47 CN 

'^CN 
NGC2024^ 05 39 13.0 -01 5704 CN 

13CN 
W33F 18 11 19.5 -1757 14 CN 

'^CN 

F = 3/2-h •1/2 0.65 ± 0.02 5.1 ±0.2 -47.9 ± 0.4 
F = 5/2-•3/2 1.36 ±0.02 4.6 ±0.1 -48.0 ± 0.4 
F = 1/2-.1/2 0.42 ± 0.02 4.1 ±0.2 -47.9 ± 0.4 
F = 3/2-•3/2 0.54 ± 0.02 4.6 ±0.2 -47.8 ± 0.4 
F = 1/2-•3/2 ~0.08 -7.8 —48 
F = 3-2 0.030 ± 0.004 3,7 ± 0.5 -47.1 ± 1.1 
F = 2-1 0.016 ±0.004 5.1 ± 1.3 -47.1 ± 1.0 
F = 3/2-•1/2 1.35 ±0.01^^ ~5 -3.3 
F = 5/2-•3/2 1.44 ±0.01 8.0 ±0.5 3.5 ± 0,1 

F^ 1/2-•1/2 0.26 ± 0.02 7.0 ± 1.7 3.6 ±0.1 
F = 3/2-•3/2 0.34 ± 0.02 7.2 ± 1.8 2.8 ± 0.7 
F== 1/2-•3/2 <0.11 
F = 3-2 ~0.020 -4.5 -3.7 
F = 2-1 <0.015 

3/2-•1/2 1.45 ±0.04'' 2.5 ±0.1 -3.1 ± 1.2 
F = 5/2-•3/2 2.86 ± 0.02'' 2.8 ±0.1 -3.0 ± 1.3 
F = 1/2-•1/2 0.87 ± 0.03'' 2.8 ±0.1 -3.3 ± 1.0 
F = 3/2-.3/2 1.17 ±0.03'' 3.0 ± 0.2 -3.3 ± 1.0 

F^ 1/2-•3/2 0.25 ± 0.03^ 3.5 ± 0.2 -3.2 ±0.2 
F = 3-2 0.114 ±0.010 3.8 ± 0.3 -3.2 ± 0.2 
F=: 2-1 0.069 ± 0.010 2.8 ± 0.3 -3.1 ± 0.2 
F = 1-0 0,027 ±0.010 3.4 ± 0.4 -2.9 ±0.4 
F = 3/2-•1/2 0.90 ± 0.08 2.9 ± 0.4 57.2 ± 0.8 
F = 5/2-•3/2 1.73 ±0.07 3.6 ±0.2 56.2 ± 0.9 
F^ 1/2-•1/2 0.39 ± 0.07 3.7 ±0.6 56.5 ± 0.7 
F^ 3/2-•3/2 0.67 ± 0.07 3.7 ±0.3 56.8 ± 0.8 
F = 1/2-•3/2 <0.15 
F = 3-2 0.12 ±0.02 3.7 ±0.5 58.0 ±0.4 
F = 2-1 ~0.06 -4.2 -58 
F = 3/2-•1/2 1.47 ±0.03 4.2 ±0,1 8.5 ±0.5 
F = 5/2-•3/2 4.17 ±0,03 3.7 ± 0.1 8.6 ± 0.4 
F^ 1/2-•1/2 0.95 ± 0,03 3.4 ± 0,1 8.7 ± 0.3 
F = 3/2-3/2 1.00 ±0.03 3.7 ± 0,1 8.6 ± 0.4 
F = 1/2-3/2 < 0.13 
F = 3—2 0.060 ± 0.009 3.9 ± 0.01 8.6 ± 0.4 
F = 2-1 0.027 ± 0.009 3.8 ± 0.01 8.4 ± 0.6 
F = 3/2-1/2 3.14 ±0,05" 10,3 ± 0.1 -56 
F^ 5/2-3/2 
F = 1/2-1/2 0.77 ± 0.05 9,2 ±0.5 56.2 ±0,2 

3/2-3/2 1.10 ±0.05 9.4 ± 0.4 56.5 ±0.3 
F = 1/2-3/2 0.16 ±0.05 9.2 ±0.5 55.8 ± 0.4 
F== 3-2 0.089 ± 0.004*^ 10.2 ±0.5 57.4 ± 0.4 

2-1 
F = 3/2-1/2 1,01 ±0.03 5.5 ± 0.2 -57.3 ± 0,7 
F = 5/2-3/2 1.98 ±0.03 4.5 ±0.1 -57.5 ± 0,7 
F = 1/2-1/2 0.59 ± 0.03 4.8 ± 0.2 -57,1 ± 0.5 
F = 3/2-3/2 0.72 ± 0.03 4.9 ± 0.2 -57,1 ±0.5 
F = 1/2-3/2 0.12 ±0.04 4.1 ± 1,1 -57.1 ±0.6 
F = 3-2 0.044 ± 0.004 4.1 ±0.4 -57.3 ±0.7 
F = 2-1 ~0.01 -4 —57 
F = 3/2-1/2 1.82 ±0.04 2.9 ± 0.1 11.3 ±0.2 
F = 5/2-3/2 3.08 ± 0.04 3.1 ±0.1 11.1 ± 0.04 
F = 1/2-1/2 1.43 ±0.04 2.9 ±0.1 11.2±0.1 
/• = 3/2-3/2 1.52 ±0.04 3.1 ±0.1 11.3 ± 0.2 
F^ 1/2-3/2 0.27 ± 0.04 3.2 ± 0.4 11.7 ±0.6 
F = 3—2 0.098 ± 0.02 2.6 ± 0.4 11.3 ±0.2 
F = 2-1 0.050 ± 0.03 1.7 ±0.9 11.5 ±0.4 
F = 3/2-1/2 1.23 ±0.03 5.1 ±0.07 36.4 ± 1.5 
F = 5/2-3/2 2.62 ± 0.03 6.6 ± 0.04 35.6 ± 1.2 
F = 1/2--1/2 0.46 ± 0,03 6.6 ± 0.2 36.5 ± 1.6 
F = 3/2-3/2 0.95 ± 0.03 6.6 ± 0.09 35.9 ± 1.2 
F = 1/2-3/2 0.19 ±0.04 5.4 ± 0.5 35.8 ± 1.4 
F = 3-2 0.089 ± 0.02^ 9.4 ± 0.7 37.3 ± 1.1 
F = 2-1 
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T* ^ R ^'LSR 
Source tt(BI950.0) 6(B1950.0) Isotopomer hf Component (K) (km s"') {kms-') 

SgrB2{0H/ 174411.0 -28 2230 CN F=3/2^]/2 -9.6 -57 
F= 5/2^3/2 
F= 1/2^1/2 -0.49^ -4.4 -57 
F= 3/2^3/2 ~0.19« -5.2 -57 
F= 1/2—3/2 -0.12« -5.3 -57 

'^CN F= 3w2 g 

F=2-^l -0.099« -8.0 -57 
F= 1—0 ~0.0488 -10.1 -57 
F=2—2 0.039 ± 0.004® 4.6 ± 1.0 56.5 ±2.5 

Orion Bar" 05 32 53.5 -05 27 10 CN F= 3/2—1/2 1.27 ±0.07 3.5 ± 0.2 10.2 ±0.2 
F= 5/2-3/2 3.62 ± 0.07 3.4 ±0.1 10.3 ±0.3 

11 i
 

0.92 ± 0.07 3.3 ±0.2 10.4 ±0.4 
F= 312^312 0.96 ± 0.06 3,6 ± 0.2 10.2 ± 0.2 
F= 1/2—3/2 0.17 ±0.08 2.6 ± 0.8 10.6 ±0.6 

'^CN F= 3—2 0.032 ± 0.005 3.1 ± 0.3 10.3 ±0.3 
F=2—1 0.022 ± 0.007 2.9 ± 0.3 10.3 ±0.3 

TMC-l'' 04 38 38.0 25 3545 CN F= 3/2—1/2 0.39 ± 0.02 0.61 ±0.2 5.7 ± 0.02 
F= 5/2—3/2 0.22 ± 0.02 0.66 ±0.3 5.6 ±0.01 

'^CN F= 3—2 0.028 ± 0.006 0.8 ± 0.2 5.8 ±0.1 
F=2—1 <0.015 

L134N'> 15 51 24.0 -024331 CN II i
 

0.13 ±0.02 0.5 ± 0.2 2.6 ±0.01 
F= 5/2-3/2 0.13 ±0.01 0.6 ± 0.3 2,6 ±0.01 

•^CN F= 3-2 <0.011 
F=2-l <0.011 

NOTE.—Errors are 1 <T , determined from Gaussian fits to the line profiles. Units of right ascension are hours, minutes, and seconds, and units of 
declination are degrees, arcminutes, and arcseconds. 

^ Observed with 500 kHz resolution. 
^ 3.5 km s~^ component only. 
= Blended withi^ = 5/2 -^3/2 line of the 12 km s~' component. 

Line self-reversed; intensity given for peak emission feature, for self-absorption feature. 
Blended lines. 
Observed with 1 MHz resolution. 

^ Partially obscured by absorption feature. 
'' Observed with 100 kHz resolution. 

emission lines at the correct frequencies, assuming 
I^LSR ~ 57 km s~'—a typical velocity for this object (see, 
e.g., Nummelin et al. 2000). 

5. ANALYSIS OF RATIOS 

CN has a dipole moment of 1.5 D—considerably larger 
than that of CO (0.08 D). Consequently, even the 
A' = 1 —+ 0 transition can only be excited in relatively dense 
gas (« > 10' cm"'), and thus large column densities, and 
large opacities, in this line might be expected. For Orion A 
and the Orion Bar, however, the hf components of CN show 
the optically thin, LTE intensity ratios. In W49, the hf com
ponents also indicate low optical depth, at least in the 4 km 
s"' component. (The 12 km s~' velocity component could 
not be evaluated because the main hf line at this velocity 
[F = 5/2 —* 3/2] was unfortunately blended with the strong 
F — 3/2 —> 1/2 component of the 4 km s"' component.) 
Therefore, '^C/"C ratios were obtained for these objects by 
direct comparison of antenna temperatures of the main hf 
components of '^CN and "CN, respectively (r^ of Table 2, 
using 500 kHz or 1 MHz data), corrected by the hf intensity 
ratio and for a small difference in beam efficiency. 

For the other clouds investigated, larger opacities are 
present in '^CN (A' = 1 —» 0). Evaluation of the optical 
depth for each source was obtained by using a least-squares 

analysis to simultaneously fit the ratios of the line intensities 
of at least four of the five hf components of '^CN to the 
general formula: 

r;;(hf) 
r|(main hf) I -

( 1 )  

where is the line temperature measured from the 
observed spectra, is the LTE intensity ratio of the given 
hf component to the main line (F = 5/2 -• 3/2), and Tmain 
is the optical depth in this line. For G34.3 and W33, the 
/'=l/2—>1/2 component was not used in the fit because it 

was anomalously weak. Once Tmain was established, an 
excitation temperature was then determined among the 
components using the expression 

) ,  (2) 

where r],. is the beam efficiency and is the cosmic back
ground temperature (Tig = 2.73 K). The resulting opacities 
and excitation temperature are listed in Table 3. As shown 
in this table, most optical depths in the A' = 1 —> 0 transi
tion were in the range r ~ 1.5-5.2, where r = 3Tmain, with 
Tex ~ 6-12K. 

The opacities and excitation temperatures derived from 
this method were then used to predict the observed line 
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intensities for all hf components used in the fit, as an addi
tional test of precision. All line intensities were reproduced 
to within an error of at worst 20%. Most components in fact 
were predicted to within a few percent. Thus, the slight devi
ation from LTE of the F — 1/2 —» 1/2 hf component for 
sources such as W3(OH) and NGC 7538 did not signifi
cantly affect the overall data fits. The excitation temperature 

TABLE 3 

OPTICAL DEPTH AND COLUMN DENSITY OF ' -CN 

T„ WM*" 
Source (K) (cm'-) 

W3(0H) 1.9 ±0.4 6.0 ±0.5 3.6 x 10'" 
W49' ... 2.6x10''' 
DR-21(0H)° ... ... 5.7 X lO'" 

G34.3 3.2 ±0.3 6.0 ± 0.2 4.6x10'" 
Orion A '' ... 3.8x10'" 
W5IM 1.5 ±0.5 12.4 ±2 1.3x10" 

NGC 7538 1.8 ±0.2 8.1 ±0.5 4.4x10'" 

NGC 2024 5.2 ±0.2 7.3 ±0.1 7.9x10'" 
W33 2.2 ± 0.2 8.9 ± 0.4 8.6 x 10'" 
SgrB2(0H) ' ... 4.1x10'" 

Orion Bar ... 3.0x10'" 

NOTE.—Errors are 1 A. 
" T is the total optical depth in the iV — I ^ 0 transition, i.e., 

r — STmiirn-
^ Assumed rotational temperature of 25 K. 

3.5 km s~' component. 
'-CN is optically thin; Nioi calculated in the thin limit. 

^Column density calculated with F ~ 1/2 —» 3/2 component, 
in the thin approximation. 

in fact did not vary by more than ±1 K and the opacity by 
±0.3 when comparing individual pairs of hf components. 

Following these calculations, the ratios were then 
determined using the following formula (in the Rayleigh-
Jeans limit): 

(3/5)T„,„.„re.('^CN) 

n M " c N )  (3) 

i.e., Tmain^cx was used in place of the antenna temperature 
for the main hf component of ^^CN. The ^-^CN line was 
assumed to be thin, as indicated by ail observations, and 
here applies to the intensity of the main hf component, 
F = 3 ^ 2 (Fi = 2^1), of this species. The factor of | 
accounts for the relative intensities of the hf components for 
the two isotopomers (see Table 1). It is also assumed here 
that both CN isotopomers occupy the same volume, 
undergo the same degree of excitation, and are not subject 
to chemical anomalies. 

There were a few sources where these direct methods 
could not be applied. These clouds were SgrB2(0H) and 
DR-21(OH), which exhibited some form of self-reversal. 
Consequently, for DR-21(0H), the weakest hf component 
of '^CN {F = 1/2 3/2) had to be used for the calcula
tions (1.23% of the total intensity). This feature was chosen 
because it was sufficiently strong (T^ = 0.25 K) and did not 
appear to be self-reversed. The antenna temperature of the 
F = 1/2 ̂  3/2 feature was compared to the main line of 
'^CN, under the optically thin assumption, as previously 
described. For SgrB2(0H), hf components had to be chosen 
that did not appear contaminated by absorption features. 
In the case of ^^CN, absorption appeared to affect only the 
main hf component; hence, the F = 2 2 and = 1 —1 
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lines were used for the ratio calculation. The latter two lines 
compose 7.2% of the total intensity of the Af = 1 —» 0 line of 
the "CN isotopomer. For '^CN, all hf components 
appeared to have some evidence of absorption; the weakest 
hf feature, F = 112 ^ 3/2, was employed for the ratio cal
culations since it seemed least contaminated, and the thin 
assumption was used. The value derived for SgrB2(OH) is 
thus a lower limit. 

For the two dark clouds studied, '^C/"C ratios were not 
determined. In TMC-1, the two hf lines observed exhibit a 
nonthermal intensity ratio. Therefore, any attempt to estab
lish an isotope ratio would be highly uncertain. For LI 34N, 
the two hf components are sufficiently close in intensity that 
their ratio is no longer a sensitive indicator of optical depth. 
Hence, establishing an accurate opacity is also not realistic. 
Furthermore, '^CN was not conclusively detected in this 

source. 
Also given in Table 3 are column densities calculated for 

'^CN based on the main hf component. These values were 
derived assuming a rotational temperature (T^M) of 25 K 
and using the formula (in the optically thin case) 

A'to, = 
Cr,i3A:10'7-^AKi/2 (4) 

In this expression, Tj{ is the beam-corrected antenna tem
perature, is the dipole moment 's the rotational parti
tion function, and u is the frequency of the = 1 ^ 0 
transition. For the optically thick sources, Tj) is replaced by 
Tmain^cx- The column densities derived are in reasonable 
agreement with those determined from past millimeter-wave 
observations of CN (see, e.g., Churchwell 1980). 

6. DISCUSSION 

6.1. ' ̂C/ "C Ratios in the Galaxy 

The isotope ratios deteraiined from the CN 
observations for all sources are presented in Table 4 
along with Oalactocentric distances. As the table shows, 
the ratios fall in the range 18-70. The lower ratios are 

TABLE 4 

'-C/'^C RATIOS AND SOURCE GALACTOCENT RIC DISTANCES 

^GC 
Source CN Ratio'' CO Ratio HiCO Ratio (kpc) 

W3(OH) 63 ± 16 66 ± 4'' 91 ± le' 
W49'' 44 ± 22 49 ± 6'= 53 ± 8'^ 

DR-21(0H) 36 ± 3 53 ± 2>' 

G34.3 28 ±4 ... 58 ± 5'' 
Orion A 43 ± 7 67 ± S' ' 
WSIM 35 ± 12 45 ±2'> 

NGC7538 56 ±10 
NGC2024 65 ±12 ... 68 ±11= 

W33 37 ± 8 39 ± I' 74 ±11' 
SgrB2(0H) >I8_6 24 ± I"" 

Orion Bar 70 ± 11 75 ± 9® 

^ Errors are 1 cr. 
^ Langer & Pcnzias 1990. 

Henkeletal. 1982. 
3.5 km s~' component. 

e Henkeletal. 1985. 
Langer &Penzias 1993 give 63 ± 6 at Orion A (-2.5, -14). 

fiKeeneet al. 1998. 
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FIG. 2.—'-C/'^C ratios for molecular clouds, determined from the CN 
observations, as a function of distance from the Galactic center. Two fits lo 
these data are displayed on the plot, one thai includes all sources and 
another that omits the two PDRs, NGC 2024 and the Orion Bar, which are 
shown as filled as opposed to open squares. Also shown is the fit derived 
from CO and H2CO measurements from Wilson (1999). 

typically found for sources closer to the Galactic center 
[SgrB2(OH), W33, and G34.3]. In fact, the upper limit to 
the ratio for SgrB2(0H), '^C/"C > 18, is in good agree
ment with the previously reported value for the Galactic 
center, '^C/"C ~ 20 (Wilson 1999). The average ratio 
for sources around the solar neighborhood (Orion A, 
NGC 2024, and the Orion Bar) is 59 ±18, somewhat 
lower than the typical local ISM value of 69 ± 6 (Wilson 
1999) but certainly comparable within the quoted errors. 
However, NGC 2024 and the Orion Bar may not be rep
resentative of the local ISM since they are both photon-
dominated regions (PDRs), as discussed later. The high
est ratio in this study is found for the Orion Bar 
(70 ±11), for example. None of the sources, however, 
exhibit ratios close to the solar system value of 89. 

In Figure 2, the '^C/'^C ratio values are plotted against 
Galactocentric distance. As this graph shows, there appears 
to be a significant increase in the '^C/'-^C ratio as the dis
tance from the Galactic center increases. This effect has been 
well documented in other isotope studies, including 
14n/15n and '^0/"0 as well as '^C/"C (see Wilson 1999). 

For CN, the increase in ratio values becomes significant at 
DQC > 8 kpc. [The SgrB2(OH) point is only a lower limit.] 
Part of this increase occurs because the two PDR sources, 
the Orion Bar and NGC 2024, lie at DQC ~ 8.3 kpc, and 
their ratios are high. Two other more "normal" sources, 
NGC 7538 and W3(OH), however, exhibit larger ratios as 
well. Interestingly, there does not appear to be a particularly 
obvious systematic increase in the '^C/"C ratio between 4 
and 8 kpc. 

An unweighted least-squares fit to the CN data for all 
clouds yields the relationship 

= (4.7 ±1.3)£IGC +(12.8 ±8.5), (5) 

which is plotted in Figure 2. If the two PDR sources are 
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neglected, then the fit obtained is (also see Fig. 2) 

'^C 
13C = (3.9 ±0.9)Z)GC +(14.5 ±6.3) . (6) 

Both these expressions are somewhat different from that 
obtained by Wilson (1999), who fitted ratios from both CO 
and H2CO. He obtained a slope of 7.5 ±1.9 and a 
j-intercept of 7.6 ± 12.9. This relationship is also plotted on 
Figure 2. The CN data fit is actually closer to the relation
ship obtained from CO measurements alone (Langer & 
Penzias 1993): 

"C = 6.OD0C - 0.4 . (7) 

The CO data, on the other hand, show a more systematic 
increase with DQQ over the range 4-8 kpc than CN, but 
these points are less consistent with the value obtained near 
the Galactic center (Langer & Penzias 1990). 

6.2. Comparison with Measurements from Other Molecules 

Additionally presented in Table 4 are '^C/''C ratios 
obtained from CO and H2CO (Langer & Penzias 1990, 
1993; Henkel et al. 1982, 1985; Keene et al. 1998) for the 
same sources. As illustrated in these data, the ratios derived 
from CN are typically in close agreement with those 
obtained from CO. For example, the values from CN in 
W3(OH), W49, W33, SgrB2(OH), W51, and the Orion Bar 
are 63 ± 16, 44 ±22, 37 ± 8, >18_6, 35 ±12, and 70 ±11, 
respectively. In comparison, those of CO are 66 ± 4,49 ± 6, 
39 ± 1, 24 ± 1, 45 ± 2, and 75 ± 9 (Langer & Penzias 1990; 
Keene et al. 1998). In fact, the agreement is quite remark
able, given the different methods of analysis. 

There are two sources where the ratios from CO and CN 
are different: DR-21(OH) (CN: 37 ± 4, CO: 53 ± 2) and 
Orion A (CN: 43 ± 7, CO: 67 ± 3). The DR-21(OH) value, 
however, had to be estimated from line profiles that, for the 
most part, were self-reversed. Hence, the '^C/"C ratio may 
be underestimated. Self-reversal is not apparent in the CO 
data (Langer & Penzias 1990). In the case of Orion A, the 
situation is even more complicated because CO has multiple 
velocity components in this region and may be undergoing 
the chemical effects of shocks and star formation (Langer & 
Penzias 1990). In fact, the ratio listed for Orion A in CO was 
measured at a position (Of5, 2.'5) from Orion KL, an area 
thought to be unaffected by the IRc2/BN outflows (Langer 
& Penzias 1990). The KL ratio itself is much higher: 
'^C/'^C = 79 ± 7. CN, in contrast, exhibits only narrow, 
single-component line profiles near Orion KL and appears 
to exclusively arise from the ambient, extended ridge gas. 
Hence, it does not participate in the complicated chemistry 
of the IRc2/BN region. Therefore, it may be difficult to 
directly compare ratios obtained from CO and CN near 
Orion KL because they may not be arising from the same 
gas. It should be noted that in the PDR the Orion Bar, the 
ratios agree quite well; PDR chemistry may be affecting CO 
and CN similarly. 

While there is good agreement between ratios determined 
from CO and CN, those established from H2CO are signifi
cantly higher in every source studied. For example, in 

W3(OH), the value obtained from H2CO is 91 ± 16 versus 
63 ± 16 (CN) and 66 ± 4 (CO). Another example is W33, 
where H2CO yields '^C/'^C = 74 ± 11, in contrast to 
37 ± 8 (CN) and 39 ± 1 (CO). The ratios are also higher for 

W49 and G34.3. The only cloud where the CN and H2CO 
isotope ratio is comparable is NGC 2024 (Orion B), a well-
known, face-on PDR (Schenewerk et al. 1988). 

Another interesting comparison is between '^C/"C ratios 
obtained from optical measurements of CN and radio 
observations. Unfortunately, optical studies of CN have 

only been conducted toward ( Oph, which is near the solar 
neighborhood. Although this ratio has been subject to many 
revisions (see, e.g., Hawkins et al. 1993; Crane & Hegyi 
1988), the most current value is 35 ± 13, determined by 
Roth & Meyer (1995). This ratio may be characteristic of 
CN in the local ISM. It is in very good agreement with the 
radio CN value near a local cloud, Orion A (43 ± 7). (NGC 
2024 and the Orion Bar are also in the local neighborhood, 
but they are both PDRs, and thus, any ratios determined in 
these objects may be subject to isotope-selective photo-
dissociation, as will be further discussed.) 

6.3. Chemical Fractionation of CN.^ 

According to the early works of Watson et al. (1976), CO 
may be subject to chemical fractionation resulting from differ
ences in zero-point energies of the '^C and "C isotopomers, 
which is ~35 K. Hence, carbon isotope ratios may be heav
ily weighted in favor of "C, as given by the formula 

i 3 r )  
measured 

'3C exp (A- (8) 

However, as discussed by Wilson (1999), such fractionation 
effects cannot be too large because ISM values are within a 
factor of 2 of the solar system ratio of 89. In addition, a 
comparison can be made with CH+—a molecule thought to 
be produced only by high-temperature (shock) processes 
and therefore not subject to chemical fractionation (Watson 
et al. 1976). CH+ thus far has only been studied via its opti
cal electronic transitions. The local '^C/"C ratio estab
lished from CH+ measurements is 67 ± 3 (Centurion et al. 
1995), in very good agreement with the local value obtained 
from CO of 62 ± 4 (Langer & Penzias 1993). Chemical frac
tionation may not be playing an important role because typ
ical molecular clouds have star formation and thus have gas 
kinetic temperatures higher than 35 K. 

CN has been found to have a similar zero-point energy 
difference of 34 K for its '^C and "C isotopomers (Kaiser et 
al. 1991). Consequently, it might be expected to undergo 
fractionation similar in magnitude to CO. However, as dis
cussed by Langer et al. (1984), if CO is fractionated and the 
"C isotopomer is enhanced, molecules formed from carbon 
monoxide will be '^C-enriched; i.e., the carbon-13 becomes 
" locked up " in '-''CO, so it is not available for other species. 
If the Langer et al. theory is correct, then CN should only 
exhibit chemical fractionation if its synthesis is independent 
of CO. 

Federman et al. (1994) have examined the production of 
interstellar CN and suggest that the major pathways to this 
molecule are 

C2 + N ii. CN -f C , 

CH + N CN + H , 
(9) 

where k] ^ k2 ^ 2.5 x 10~" cm's"'. The major precursors 
therefore are C2 and CH. A survey of the UMIST chemical 
reaction tables (Le Teuff, Millar, & Markwick 2000) 
concurs with these findings, except that there is a slight 
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temperature dependence of the reaction rates. These tables 
also indicate that C + NH and C + NO may be comparably 
fast routes to CN, although NH and NO are probably not 
as abundant as C2 and CH (see Halfen, Apponi, & Ziurys 
2001). CN is primarily destroyed by reactions with N 
atoms: 

N + CN.^iN2 + C, (10) 
where ^3 ~ 3 x 10"'" cm's"'. Another destruction path is 
O + CN —> CO + N, but this reaction is about an order of 
magnitude slower than that involving N atoms. Conse
quently, at least to a first-order approximation, the reaction 
pathways leading to CN do not involve CO, although the 
opposite is possible. 

The formation of CH and C2 also appears not to be 
directly linked to CO. CH is formed via the radiative associ
ation of C -I- H or from CH2. C2 is synthesized from CH 
(Le Teuff et al. 2000). Therefore, the chemistry of CN can
not be influenced by CO through its major precursors. It is 
thus plausible that CN undergoes '^C enrichment compar
able to (or even greater than) that of CO. 

6.4. Isotope-selective Photodissociation in 
Photon-dominated Regions 

The highest carbon isotope ratios derived from CN occur 
toward the Orion Bar (70 ± 11) and NGC 2024 (65 ± 11). 
These two clouds are known PDRs, and CN is thought to 
be readily produced by the UV-induced chemistry of these 
objects (Sternberg & Dalgarno 1995). Observations have 
proven that CN is indeed abundant in PDR sources (see, 
e.g., Hogerheijde, Jansen, & van Dishoeck 1995; Fuente et 
al. 1993). 

The presence of a large UV flux is thought to produce a 
"reverse" isotope eifect. Molecules containing carbon-12 
are more abundant than those with carbon-13; hence, '^C 
isotopomers are self-shielding and thus survive photodes-
truction better than their '-^C counterparts. Thus, '^C/'^C 
ratios measured toward these objects may be '^C-enriched. 
Possible observational evidence has been found for such 
" isotope-selective photodissociation" in the Orion Bar. 
Isotope ratios derived from measurements of CI and C+ 
indicate '^C/"C = 58 ± 6 (Boreiko & Betz 1996). Those 
determined from CO indicate '^C/"C = 75 ± 9 (Keene et 
al. 1998). 

The material composing the Orion A (or Orion KL) 
region lies approximately 4' north of the Orion Bar, and 
basically these two sources are part of the same cloud com
plex. Isotope ratios should therefore be similar. To the con
trary, for CN, the ratio in Orion A is 43 ± 7, while that in 
the Bar is 70 ± 11—a considerable increase. The CN ratio in 
the Bar is also much higher than the CI and C+ values. 
NGC 2024 (Orion B) is part of the local neighborhood as 
well, and the '^C/"C ratio derived for this cloud is also high 
(65 ± 11), in comparison to the Orion A value. Isotope-

selective dissociation is probably playing a significant role 
for CN in the Orion Bar and Orion B sources and enhancing 
the carbon ratio in favor of '^C. 

6.5. Implications for Chemical Evolution 

These CN observations are additional evidence that sig
nificant chemical evolution has occurred, in both the solar 
neighborhood and the Galaxy. A useful comparison for the 
solar system is to examine comet isotope ratios. Optical 
observations of CN toward a sample of five recent comets 
yield an average value of '^C/"C = 90 ± 10 (Wyckoff et al. 
2000). All local clouds yield a much lower ratio from 
measurements of the same molecule. Consequently, if CN 
condensed directly from the primordial molecular cloud 
into solar system bodies such as comets, significant "C 
enrichment (nearly a factor of 2) has occurred over the past 
4.6 Gyr. 

Our data also make the case for galactic evolution of the 
carbon isotope ratio quite compelling. The CN measure
ments confirm that a strong '^C/"C gradient exists in the 
Galaxy. Clearly, secondary nucleosynthetic processes in 
low- and intermediate-mass stars have played a role in 
molecular cloud "C enrichment as a function of both time 
and Galactic distance (see, e.g., Timmes et al. 1995; 
Boothroyd & Sackman 1999). 

7. CONCLUSIONS 

A new tracer has been used to establish '^C/"C isotope 
ratios in dense Galactic molecular clouds: pure rotational 
transitions of interstellar CN. This molecule, although not 
as abundant as CO, is sufficiently prevalent that both the 

'^C and "C isotopomers can be detected with reasonable 
integration times, therefore providing another independent 
constraint of this important ratio. Another advantage of 
CN measurements is that opacities in the '^CN lines can be 
evaluated from hf intensities. These observations suggest a 
'^C/'^C gradient in the Galaxy similar to CO and '^C/"C 
ratios somewhat lower than average values obtained from 
combined CO and H2CO data. Because the formation of 
CN is not linked to CO and the energy difference between its 
two carbon isotopomers is only 34 K, this molecule may 
undergo some chemical fractionation effects, comparable to 
those found in carbon monoxide. On the other hand, some 
evidence of '^C enrichment is found near two PDRs, prob
ably caused by isotope-selective photodissociation. These 
ratios have also been compared with those determined from 
optical spectra of CN. While agreement is quite good in the 
solar neighborhood between the radio and optical values, 
the average '^C/"C ratio derived from CN for a recent sam
ple of comets is almost a factor of 2 larger. Substantial ''C 
enrichment appears to have occurred in the nearby ISM 
since the formation of the solar system. 
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ABSTRACT 

A new metal-containing species, AINC, has been detected toward the circumstellar envelope of the late-type 
carbon star IRC +10216, using the IRAM 30 m telescope. The J = 11-»10, 12-^11, and 13-^12 rotational 
transitions at 2 mm and the 7 = 18 17 and 7 = 21 20 transitions at 1.2 mm of this linear, closed-shell 
molecule were observed in this object. The line profiles appear U-shaped, indicating a source S20", and the 
horn-to-center ratios suggest a shell-like distribution. In contrast, the other two Al-bearing molecules previously 
delected, AlF and AlCl, exist exclusively near the stellar photosphere. Modeling of the detected transitions, 
assuming a spherical-shell distribution, indicates a column density of — 9 x 10" cm"' and a fractional 
abundance relative to H, of 3 x 10"'° for AINC. A rotational temperature of 60 K was also derived for 
this molecule, suggesting that shock waves may be synthesizing AINC in the outer envelope. This species is the 
fourth metal cyanide/isocyanide compound discovered in this object, along with MgNC, MgCN, and NaCN. 
These data suggest that cyanide/isocyanide species are the major molecular carriers of metals in circumstellar 
gas. 

Subject headings: circumstellar matter—ISM: molecules — line: identification — radio lines: stars — 
stars: individual (IRC +10216) 

1. INTRODUCTION 

Refractory molecules are known to be heavily depleted in 
the gas phase in molecular clouds. In fact, the only refractory 
species observed in such objects to date are SiO and SiS (e.g., 
Ziurys 1991). Such compounds, on the other hand, are signif
icantly more abundant toward the circumstellar shells of late-
type stars. For example, eight silicon-bearing molecules thus 
far have been detected toward the expanding envelope of the 
evolved carbon star IRC +10216, including such unusual spe
cies as SiC^ (Apponi et al. 1999) and SiCN (Guelin et al. 2000). 
Furthermore, several molecules containing the metals alumi
num, magnesium, sodium, and potassium have been discovered 
toward IRC +10216 (e.g., Cernicharo & Guelin 1987) and 
toward other evolved stars as well (Highberger et al. 2001). 
Although grain formation is thought to occur on a large scale 
in the envelopes of such objects (e.g., Glassgold 1996), the 
physical conditions there must nevertheless support a rich and 
varied gas-phase chemistry for refractory elements. 

The most prevalent molecular form of silicon in circumstellar 
shells is in carbon-chain and ring-type compounds, as might 
be expected given the C-rich environment of these objects. In 
contrast, the metal-bearing molecules either are halide species 
(AlCl, AlF, NaCl, and KCl: Cernicharo & Gu^in 1987) or 
contain the CN moiety (MgNC, NaCN, and MgCN: Kawaguchi 
et al. 1993; Turner, Steimle, & Meerts 1994; Ziurys et al. 1995). 
Searches for monoacetylides (MCCH) and monocarbides (MC) 
have been curiously unsuccessful. While the metal halide com
pounds are predicted to be abundant in stellar envelopes by 
thermochemical equilibrium models (Tsuji 1973), the appear
ance of cyanide/isocyanide species has been totally unexpected. 

' NASA Graduate Student Fellow. 
" NRAO Junior Research Associate. 

Their chemical synthesis in IRC +10216 and other objects 

such as CRL 2688 and CRL 618 (Highberger et al. 2001) has 
yet to be adequately explained (Glassgold 1996; Petrie 1996a). 

In this Letter we report the detection of a new metal-
isocyanide compound, AINC, which has been observed toward 
IRC +10216 using the IRAM 30 m telescope. These mea

surements were made possible because of the laboratory work 

of Robinson, Apponi, & Ziurys (1997) and the theoretical cal
culations of Ma, Yamaguchi, & Schaefer (1995). Five un
blended rotational transitions were observed for AINC, which 
is a linear, closed-shell species. Here we describe our results 
and discuss their implications for circumstellar chemistry. 

2. OBSERVATIONS 

The measurements were carried out in a series of observing 
runs from 1997 May through 2001 September, using the IRAM 
30 m telescope at Pico Veleta, Spain. The receivers used were 
cooled SIS mixers at 2 and 1.2 mm in wavelength, operated 
in single-sideband mode with approximately 15 dB rejection. 
The initial observations were carried out with single-channel 
receivers, while measurements in 2000 October and thereafter 
were conducted with dual-polarization mixers. The backend 
used was a 1024 channel, 1 MHz filter bank split into several 
configurations (4 x 256 and 2 x 512, etc.), depending on the 
number of receiver channels. The temperature scale used was 
7^*, the chopper wheel-corrected antenna temperature, and 
therefore conversion to radiation temperature \s 
where rjg is the main-beam efficiency. Observations were 
conducted by wobble-switching, with a throw of typically 
±i;5. The data were taken toward the IRC +10216 position 
a = 9M5'"14!8, 5 = 13'=30'40'r0 (B1950.0). Pointing was es
tablished by observations of the planets and OJ 287. Local 
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TABLE 1 

OBSERVATIONS OF AINC TOWARD IRC +10216 

Frequency T, Vlsb AV,„ 1TJV 
Transition (MHz) (arcsec) Vb (mK) (km s ') (km s ') (K km s ') 

7 = 1 1 - >  1 0  1 3 1 6 4 2 . 2  1 9  0 . 7 2  5  ± 2  - 2 7 . 0  ±  2 . 3  2 9 . 6  ±  2 . 3  0 . 0 8 4  ±  0 . 0 2 3  
7 = 1 2 ^  1 1  1 4 3 6 0 5 . 4  1 7  0 . 6 9  6  ± 3  - 2 7 . 5  ±  2 . 1  3 3 . 4  ±  2 . 1  0 . 1 5 3  ±  0 . 0 2 6  
7= 13-• 12 155567.4 16 0.67 5 ± 2 -27.5 ± 1.9 28.9 ± 1.9 0.102 ± 0.027 
7  =  1 8 ^  1 7  2 1 5 3 5 7 . 9  1 2  0 . 5 6  6  ±  3  - 2 6 . 5  ±  1 . 4  2 9 . 2  ±  1 . 4  0 . 1 0 0  ±  0 . 0 2 6  
7 = 21-^20 251213.0 10 0.48 5 ± 2 -26.5 ± 1.1 28.5 ± 1.1 0.099 ± 0.030 

NoTE.-Errors are 3 a; observed toward A = 09"45"'14?8, 6 = 13°30'40R0 (B1950.0). 

oscillator shifts were conducted for every line to confirm side
band identity. 

3. RESULTS 

A summary of the AINC observations toward IRC +10216 
is given in Table 1, including rest frequencies, beam sizes, 
and beam efficiencies rj^, as well as line parameters. As is 
shown in the table, the detected lines of aluminum isocyanide 
have intensities typically less than 10 mK (7^*), but with the 
usual LSR velocity (VLSR ~26.5 km s"') and line width 
(AV,/2 ~ 30 km s"') for molecules present in the outer enve
lope (Cernicharo, Gu61in, & Kahane 2000). The line param
eters are also consistent among the five features, additional 
proof that they arise from the same molecule, and the lines 
appear exactly at the frequencies measured in the laboratory 
for AINC within 0.5 MHz (Robinson et al. 1997). Moreover, 
there are no known identifications of these spectral features 
other than aluminum isocyanide. 

Spectra of four transitions of AINC are presented in Figure 
1, which includes the three lines observed al 2 mm (7 = 
11-^10,/ = 12-^11, andy = 13 12) and a 1.2 mm feature 
(J — 18^ 17). The four transitions appear to exhibit U-shaped 
profiles. This line shape indicates that the source of AINC 
emission in this circumstellar shell must be extended with re
spect to the largest 2 mm beam (Of, ~ 19" or /• S 10"; see Table 
1). Therefore, AINC must be present toward the outer regions 
of the envelope. 

The spectra shown in Figure 1 also contain features from 
other molecules; the stronger lines have been already reported 
in Cernicharo et al. (2000). A summary of the features ap
pearing in the AINC bandpasses is given in Table 2. Several 
weak unidentified lines were observed, as well as transitions 
arising from carbon chains or rings, including those containing 
a sulfur or a silicon heteroatom. 

4. DISCUSSION 

4.1. AINC; The Third Interstellar 
Aluminum-hearing Compound 

The unambiguous detection of five transitions of AINC, a 
linear species with a ground electronic state, confirms the 
presence of this new molecule in the circumstellar envelope of 
IRC +10216. This compound is the third molecule identified 
in intersteliar/circumstellar gas that contains the element alu
minum. Previously, only AlCl and AlF had been observed 
(Cernicharo & Gu^lin 1987; Ziurys, Apponi, & Phillips 1994). 
However, in contrast to AINC, the aluminum halide species are 
confined to the mntfr envelope of IRC +10216, as suggested 
by their flat-topped line profiles (Cernicharo & Guehn 1987) 
and Plateau de Bure interferometer maps (Gu61in, Lucas, & 
Neri 1997). Their total spatial extent is on the order of 5". They 
are thus likely formed at chemical equilibrium close to the stellar 

photosphere where temperatures are approximately 2000 K, as 
predicted by Tsuji (1973). 

The cusped appearance of the AINC profiles suggests a con
centration near the outer envelope of IRC +10216, at least up 
to a radius of 10" from the star. However, detection of the 
J — 18 17 and 7 = 21 20 transitions, which lie over 100 
K above the ground rotational level, indicates that AINC emis
sion originates in warm material. Species solely confined to 
the outer envelope, such as the free radicals C4H or MgNC, 
often have low rotational temperatures (r,„( ~ 15-35 K: Gu^lin, 
Lucas, & Cernicharo 1993). On the other hand, the presence 
of vibrationally excited C4H and rotational temperatures de
rived from C5H and C^H (e.g., Guelin et al. 1997) indicate 
7,0, 50-60 K in the outer shell. Moreover, cross K-ladder 
transitions of SiC2, which also has U-shaped line profiles, sug
gest an origin in gas with 140 K (Thaddeus, Cummins, 
& Linke 1984). Hence, observation of higher energy lines of 
AINC is still consistent with an outer shell source. Conse
quently, the distribution of AINC is very different from its 
halide counterparts AlCl and AlF. 

4.2. AINC and Other Cyanide Abundances in IRC +10216 

The column density and fractional abundance of AINC was 
estimated using a model of a spherically- symmetric, expanding 
envelope (see Guelin et al. 1997). The input parameters are 
source distribution and rotational temperature, which are ad
justed to reproduce the observed line profiles and hence derive 
column densities and abundances. A mass-loss rate of 3 x 
10"'' Mq yr~' and a distance to IRC +10216 of 200 pc were 
assumed (Crosas & Menten 1997), and a dipole moment for 
AINC of 3.14 D was used (Ma et al. 1995). The best fit to the 
line profiles was achieved for a hollow-shell source with an 
inner radius of 5" and an outer radius of 15" for a rotational 
temperature of = 60 K. The subsequent column density 
for AINC through the shell was found to be ~ 9 x 
10" cm~-, with/(AlNC/H,)-3 x 10"'". 

In comparison, the fractional abundance of MgCN in IRC 
+ 10216 of/--7 X 10"'" is similar to thai of AINC (Ziurys et 
al. 1995), while MgNC is more abundant, with5 x 10~® 
(Kawaguchi el al. 1993; Highberger et al. 2(X)1). The mag
nesium compounds are present in the outer shell, both being 
free radicals. The other metal cyanide species detected, NaCN, 
is confined to the inner shell (6^ ^ 5") with a far greater abun
dance than any of its counterparts:/(NaCN/H2) ~ 10"' (Guelin 
et al. 1997; Highberger et al. 2001). 

In the inner envelope of IRC +10216, AlF and AlCl have 
fractional abundances of /(AlF/H,) ~ 1.5 x 10"' and 
/(AlCl/H,)2.2 X 10"', respectively, if a 5" source size is 
assumed (Highberger et al. 2001). Thus, they are by far the 
dominant molecular carriers of aluminum, at least in this region. 
If the abundance of aluminum in IRC +10216 is roughly cos
mic (i.e., Al/H3 X 10"^: Savage & Sembach 1996), then 
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FIG. I.—Spectra of IHE^ = 11 -• 10, 12 -• 11, 13 12, and 18-^17 rotational transitions of AINCCA^'E"^) at 131, 143, 155, and 215 GHz, respectively, observed 
toward IRC +10216 using the IRAM 30 m iclcscope. The line profiles arc U-shaped, indicating that AINC emission is likely to be extended into the outer 
circumstellar shell. The spectral resolution is 1 MHz. 

about 5% of this element is in the form of these two compounds. 
It is not clear, however, that cosmic abundances apply to en
velopes of asymptotic giant branch stars {Forestini & Char-
bonnel 1997). Nevertheless, AINC is still a very minor sink 
for aluminum and a very large fraction of A1 must be incor
porated into grains quite close to the star. 

4.3. Metal Cyanide Chemistry in IRC +W216 

AINC is the fourth metal cyanide/isocyanide molecule ob
served in IRC +10216, along with MgNC, MgCN, and NaCN. 

Therefore, the cyanides appear to be an important carrier of 
refractory elements. It was initially proposed that the magne
sium species were produced via the radiative association re
action (Kawaguchi et al. 1993), 

Mg"- + HCN ^ MgNCH"" + hv, (1) 

followed by dissociative recombination. However, calculations 
have shown that this process is too slow to be viable for Mg, 
Al, or Na (Petrie 1996a). Petrie has suggested that the same 
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TABLE 2 

ADDITIONAL MOLECULES OBSERVED IN THE BANDPASS 

Frequency T\ 
Molecule Transition (MHz) (K) 

CJS 'Vy = 131552.0 0.134 ± 0.003 
C'CCS- 7=23-»22 131612.1 0.004 ± 0.002 
C,H(=n„) 7 = 47.5^46.5<' 131668.5 0.019 + 0.003 

7 = 47,5-.46.5/ 131725.5 0.016 ± 0.003 
SiCj K,) = 12(2, 10)-> 11(2, 9) 143645.4 0.008 ± 0.002 

C,S 'Vj = 12,2^ 11,1 155454.5 0.038 ± 0.003 
C,H, AX., = 3(2, 2)->2(l, 1) 155518.3 0.101 ± 0.003 
SiCj' K,) = 7(2, 6)->6(2, 5) 164069.1 0.005 ± 0.002 
'"SiCj AA;,/fj = 9(2, 7)-> 8(2, 6) 215247.7 0.069 ± 0.003 

"Sic, y(/f„ a:,) = 10(0, io)->9(o, 9) 215424.5 0.068 ± 0.003 
Unidentified' ... 131620 0.003 ± 0.002 
Unidcnlilicd ... 131590 0.005 + 0.002 
Unidentified ... 143574 0.006 ± 0.003 
Unidentified ... 155601 0.014 ± 0.002 

NOTE.—Errors are 3 o\ beam sizes and cfficicncics given in Table 1. 
' Blended line; see text. 
^ Image sideband. 

V,.SK 
(km s"') (km s"') 

-26.2 ± 2.3 
--27 

-26,1 ± 2.3 
-25.6 ± 2.3 

-26.2 ± 2.6 

-26.6 ± 1.9 

-26.3 ± 1.9 

-26.7 ± 2.1 

-27.8 ± 1.4 

-27.9 ± 1.4 
—21 
-27 
-27 
-27 

29.6 ± 2.3 
-28 

29.7 ±2.3 
29.7 ± 2.3 

26.5 ± 2,6 

28.9 ± 1.9 

28.9 ± 1.9 

29.2 ± 2.1 

29.2 ± 1.4 

30.6 ± 1.4 
-28 

27.3 ± 2.3 
25.0 ± 2.6 
28.9 ± 1.9 

type of reaction with longer carbon-chain molecules such as 
HC5N might be more feasible, because the rate is increased 
through vibrational stabihzation of the intermediate ion, such 
as MgNCjH^. This mechanism might be possible for MgNC, 
MgCN, and AINC, which exist predominantly in the outer 
envelope—the only region where there is significant photoion-
ization. The inner-shell distribution of NaCN on the other hand 
requires an alternative production scheme. 

On the basis of calculations of heats of formation (Petrie 
1996b), NaCN appears to be a relatively stable compound; it 
is also closed shell. Hence, it is likely formed at LTE in the 
inner envelope. (Curiously, the radiative association reaction 
of Na"^ + HQN is not very efficient.) Considering theoretical 
predictions of Gibbs free energies (Pohtzer, Lane, & Grice 
2001), AINC should be relatively stable as well, but not quite 
as robust as AlCl and AlF. LTE chemistry in the inner envelope 
must clearly favor the halide compounds. Why AlF and AlCI 
do not survive into the outer envelope is a puzzling question. 

Another possible pathway for AINC formation in the outer 
shell may be shock waves. Several theoretical studies have 

suggested shock chemistry for molecule production near the 
stellar photosphere (Duari, Cherchneff, & Willacy 1999). Fur
thermore, observations of HCN toward a large sample of AGB 
circumstellar shells by Bieging, Shaked, & Gensheimer (2000) 
indicate that the higher energy rotational lines of this species 
are unusually bright. These data suggest that HCN is produced 
by nonequilibrium chemical processes—likely shock waves. 
Such shocks could also be creating AINC. Such formation 
would additionally explain the relatively high rotational tem
perature observed in this species. Shock waves could be de
stroying AlF and AlCl at the same time, causing their abun
dances to drop sharply a short distance from the star, and 
perhaps releasing aluminum for later AINC creation. Certainly 
additional observations and chemical modeling are needed to 
explain these current findings. 

This research is supported by NSF grant AST 98-20576. 
C. S. thanks NASA for a graduate fellowship, and J. L. H. 
acknowledges NRAO for graduate support. 
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ABSTRACT 

The metal-containing molecules AlF, MgNC, and NaCN have been detected toward CRL 2688, a cir-
cumstellar envelope in the proto-planetary nebula (PPN) phase. These measurements are the first detec
tions of such species in a source other than the carbon star IRC -I-10216. Three transitions of MgNC 
were observed, each of which consists of two spin-rotation components, and five lines of NaCN were 
measured; both detections were made in the 2 mm wavelength region using the NRAO 12 m telescope. 
Three transitions of AlF were observed as well at 2 and 1.2 mm with the IRAM 30 m antenna. All three 
species appear to trace the AGB wind, not the high-velocity outflows characteristic of post-AGB mass 
loss. Rotational temperature analysis suggests that MgNC emission is from cooler gas than AlF and 
NaCN, indicating an outer shell distribution for this molecule, as is found in IRC -1-10216. AIF and 
NaCN appear to be confined to the inner envelope of CRL 2688. The column density obtained for 
MgNC in this source assuming a shell-like distribution is ]V,„, ~ 4 x 10'^ cm~^, corresponding to a frac
tional abundance, relative to Hj, of/~ 4 x 10"'. This abundance is about a factor of 10 less than that 
in IRC 4-10216. For NaCN, the column density and fractional abundance in CRL 2688 are iV,„, ~ 0.7-3 
X 10'" cm~^ and/~ 3-5 x 10"®, comparable to what has been measured for IRC -I-10216. In the case 
of AlF, the column density toward CRL 2688 was determined to be JV,„, ~ 0.9-3 x 10" cm~^, resulting 
in/~ 4-5 X 10"'. In IRC 10216,/(AlF) is 1-2 x 10"''. These data suggest that the chemistry in the 
outer envelope of CRL 2688 has altered abundances for species like MgNC, but inner shell molecules 
like NaCN may remain intact over a longer timescale. While the abundance of AlF in CRL 2688 is less 
than that of "F in the solar system, in IRC -t-10216, the AlF abundance exceeds the fluorine solar 
value. Hence, observations of this molecule suggest that "F is produced in thermal pulses in the AGB 
phase. 

Subject headings: astrochemistry — circumstellar matter — ISM: molecules — radio lines: stars — 
stars: AGB and post-AGB — stars: individual (CRL 2688) 

1. INTRODUCTION 

Mass loss from evolved stars is a significant avenue for 
enrichment of the interstellar medium by heavy elements. 
Hence, knowledge of the physical and chemical processes 
that occur in the mass-loss phase is critical for evaluating 
the gas-phase and solid-state composition of interstellar 
material. This evolution, which occurs for low- and 
intermediate-mass stars (~l-8 Mg), is not entirely under
stood (e.g., van Winckel 1999), especially in the later stages. 
Mass loss begins in the AGB (asymptotic giant branch) 
phase, where the simultaneous burning of heUum and 
hydrogen shells around a carbon/oxygen stellar core causes 
thermal instabilities that result in strong stellar winds (e.g., 
Habing 1996). These winds erode the stellar envelope, which 
is enriched with products of interior nucleosynthesis as a 
result of AGB dredge-up events. The envelope eventually 
becomes totally detached from the star, which evolves to a 
white dwarf, and a planetary nebula (PN) is formed (Kwok 
1993). Between the AGB and PN phases, the star becomes a 
proto-planetary nebula (PPN). Mass loss greatly decreases 
during this time because the envelope is already mostly 
detached, and hydrogen shell burning increases the tem
perature of the star. At some point during the PPN phase, it 
is thought that additional, rapid mass-loss events produce 
high-velocity winds which impact on the slowly expanding, 
dusty, AGB envelope. These winds likely contribute to the 

* NRAO Junior Research Associate. 
^ NASA Graduate Student Research Program Fellow. 

shape of the future planetary nebula, as well as change the 
physical and chemical conditions of the circumstellar shell. 

It has been well-established for some time that molecules 
form abundantly in stellar envelopes during the AGB phase. 
Observations have also demonstrated that molecular gas 
continues to exist in the shells into the PPN stage (e.g., 
Jaminet et al. 1992; Fukasaku et al. 1994; Bachiller et al. 
1997), and that some fraction of this molecular material 
survives to form clumpy, fragmented rings around planet
ary nebula (Huggins & Healy 1989; Huggins et al. 1996). As 
discovered by Bachiller et al. (1997), the densities of these 
fragments can be quite high (~ 10' cm"'). Naturally, it is of 
interest to study the chemical evolution of this molecular 
material as it progresses from the AGB shell to the PN 
cloud, and such studies have been carried out, for example, 
by Bachiller et al. (1997) and Hasegawa, Volk, & Kwok 
(2000). Certain trends seem to be apparent, namely, that 
molecular ions start to form during the PPN phase, while 
CN and HNC increase in abundance. It has also been sug
gested that concentrations of silicon species and larger mol
ecules such as HCjN gradually disappear after the AGB 
(e.g., Bachiller et al. 1997). 

In recent years, molecules containing the metallic ele
ments (in the chemist's sense) have been detected in the shell 
of the C-rich object IRC -I-10216. The species NaCl, AlCl, 
KCl, AlF (Cernicharo & Guelin 1987; Ziurys, Apponi, & 

Phillips 1994), NaCN (Turner, Steimle, & Meerts 1994), 
MgNC (Kawaguchi et al. 1993), MgCN (Ziurys et al. 1995), 
and AINC (Ziurys et al. 2001) have all been observed 

790 



191 

HEAVY-METAL CHEMISTRY IN PROTO-PLANETARY NEBULAE 791 

toward this object. While the halide species (and NaCN) 
appear to be confined to the inner shell (GueUn, Lucas, & 
Neri 1997), as predicted by thermochemical models (Tsuji 
1973), MgNC, MgCN, and AINC arise from the outer 
envelope (Guelin, Lucas, & Cernicharo 1993; Ziurys et al. 
1995, 2001). In this region, the gas is cold with ~ 25 K 
(Truong-Bach, Morris, & Nguyen-Q-Rieu 1991); hence, it is 
remarkable that metal-containing compounds are present 
since atomic ions such as Mg"*" and Al"*" have previously 
been thought to be chemically inert under such conditions 
(Oppenheimer & Dalgarno 1974). Moreover, the existence 
of these molecules implies that some fraction of the refrac
tory metals remain in the gas phase and are not condensed 
onto dust grains (Glassgold 1996). These detections there
fore challenge conventional ideas about elemental deple
tions in the interstellar medium. 

We have undertaken a survey program to establish the 
abundances and distributions of metal-bearing molecules 
through the AGB, PPN, and PN phases. Recently, we have 
conducted searches for such species toward CRL 2688, the 
Egg Nebula. First investigated by Ney et al. (1975), this 

source is now known to be a proto-planetary nebula (PPN) 
that has recently left the asymptotic giant branch (AGB) 
(Zuckerman et al. 1976; Jura & Kroto 1990). Optical and 
infrared studies of the Egg Nebula have shown that it is a 
bipolar reflection nebula with multiple expanding winds 
(Sahai et al. 1998a, 1998b; Cox et al. 2000). CO obser
vations have demonstrated that in addition to the normal 
AGB expanding envelope, high-velocity flows are also 
present (Kawabe et al. 1987; Young et al. 1992). These flows 
are thought to originate from a final, violent mass-loss event 
or "super-wind" phase (e.g., Jura et al. 2000). In addition, 
the AGB envelope itself has been found to have a rich chem
istry, as evidenced by the identification of NH3, HC5N, 
HC7N, and HC9N (e.g., Truong-Bach, Graham, cfe Nguyen-

Q-Rieu 1988,1993), as well as SiO and SiCj (Bachiller et al. 
1997) in this region. 

Here we report the first detections of metal-containing 
molecules toward CRL 2688. MgNC and NaCN have been 
observed toward this object using the NRAO 12 m tele
scope, and AlF was detected at the IRAM 30 m. Several 
transitions were observed for each species, from which 
abundances have been subsequently determined. In this 
paper we present these results. We also compare our obser
vations with those found for the prototypical AGB star, 
IRC 4-10216, and discuss the significance of these dis
coveries in terms of chemical evolution. 

2. OBSERVATIONS 

Measurements of MgNC and NaCN were carried out 
from 1999 April through 2000 January using the NRAO' 12 
m telescope at Kitt Peak, Arizona. Rest frequencies 
employed for the observations are listed in Table 1. The 
receivers used were dual-channel, SIS mixers, operated in 
single-sideband mode with ~ 20 dB rejection of the image 
sideband. The back ends employed were two sets of 256-
channel filter banks with 1 and 2 MHz resolution, respec
tively. For most observations, two filter banks were 
configured in parallel mode (2 x 128 channels) for simulta
neous observations at 1 and 2 MHz resolutions for each 
receiver channel. For other observations, the two 2 MHz 
banks were run in series mode (1 x 256 channels) for each 
receiver channel. The temperature scale used is given in 
terms of TJ, the chopper-wheel determined antenna tem
perature, corrected for forward spillover losses (;),„). Con
version to radiation temperature is then done through 
the corrected beam efficiency, such that TR = Tyrj^. 

^ NRAO is operated by the Associated Universities, Inc., under coo
perative agreement with the National Science Foundation. 

TABLE 1 

METAL-CONTAINING MOLECULES OBSERVED TOWARD CRL 2688® 

Frequency 0, K.SR 
Molecule Transition (MHz) (arcsec) n" (K) (km s"') (km s ') 

AlF-^ J = 4-^ 3's 131,899 20 0.71 0.008 ± 0.004 --33 -30 
J  =  5 ^ 4 '  164,868 15 0.66 0.011 ±0.005 -34.0 + 3.0 29.1 ± 3.0 
J = 8 ^ 7^ 263,749.5 9 0.45 0.027 ± 0.007 -32.0 ±2.0 20.5 ± 2.0 

MgNC" N-ll-lO*" 
J = 10.5-*9.5 131,241.6 48 0.8 0.005 ± 0.003 --37 -30 
J = 11.5^ 10.5 131,256.8 48 0.8 0.005 ± 0.003 ~-37 -30 

N = 12^11'' 

J - 11.5^ 10.5 143,168,7 44 0.77 0.004 ± 0.002 ~-37 -30 
J = 12.5^ 11.5 143,183.9 44 0.77 0.004 ± 0.002 --37 -30 

N = 13 ^ 12" 
J = 12.5^11.5 155,094.6 40 0.73 0.003 + 0.001 -37 -30 

13.5-^12.5 155,109.8 40 0.73 0.003 ± 0.001 -37 -30 
NaCN® J{K^, K,) = 9(0, 9) 8(0, 8) 138,651.9 46 0.78 0.005 ± 0.003 -36.2 ±2.2 30.2 ± 4.3 

J{K„, K,) = 10(0, 10) 9(0, 9) 153,557.7 41 0.74 0.008 ± 0.005 -35.6 ±2.0 27.3 ± 3.9 
J(X„ /C,)= 10(3, 8)-»9(3,7) 156.541.2 40 0.73 0.004 ± 0.003 -30.0 ±3.8 30.6 ± 3.8 

J{K„ K,) - 10(3, 7) 9(3, 6)^ 156,684.0 40 0.73 0.005 ± 0.003 -30.0 ± 3.8 30.6 ± 3.8 
J{K,, K,) = 10(2, 8) - 9(2, 7) 158,616.4 40 0.72 0.005 ± 0.004 -35.4 ±2.0 22.7 ± 3.8 

" All errors are 3 IT. 

'' Main beam efficiency depending on temperature scale for 12 m data, for IRAM 30 m, where = Tyrj^ and 
" Assumes a filling factor of 1. 

IRAM 30 m data. Resolution is 1 MHz. 
® Kitt Peak 12 m data. Resolution is 2 MHz. 
^ Blended hyperfine components; see text. 
" Blended with another hne; see text. 
** Two blended spin-rotation components. 
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Measurements of AlF were conducted during 2000 
October using the IRAM 30 m telescope at Pico Veleta, 
Spain. The observations were carried out at 1.2 and 2 mm 
simultaneously using dual polarization receivers at each 
wavelength that were approximately single-sideband. Rejec
tion of the image was typically 13 dB. The back end used 
was a 1 MHz filter bank with 1024 channels, configured in 
4 X 256 mode for simultaneous observation with 4 receiver 
channels (2 at 2 mm; 2 at 1.2 mm). The temperature scale at 
the 30 m telescope is given in terms of the chopper-wheel 
corrected antenna temperature TJ, where the conversion to 
radiation temperature T), is the main beam efficiency i.e., 
= TVri,. 
All observations were carried out by beam switching 

toward the CRL 2688 position a = 21'HX)'"20!0; 
5 = 36°29'44" (B1950.0). The beam throw was ±2' at the 12 
m and +1!5 at the 30 m. Local oscillator shifts were per
formed for all observations to insure proper sideband iden
tity of detected features. 

3. RESULTS 

A summary of the MgNC, NaCN, and AlF observations 
toward CRL 2688 are presented in Table 1. This table lists 
the measured line parameters of these species, as well as the 
beam size and beam efficiencies at the respective fre
quencies. As seen in the table, three transitions of AlF were 
detected (J = 4 ->• 3 and / = 5 -• 4 at 2 mm; J = 8 -» 7 at 1 
mm), which have intensities less than 30 mK. The J = 8 -• 7 
fine of AlF appears as a " shoulder " on the J = 29 -• 28 
transition of HCjN, which explains its somewhat narrower 
line width (~21 km s~' for the J = %-*! transition vs. 
~30 km s~' for the 2 mm AlF lines). For MgNC, three 
rotational transitions were also observed, each consisting of 
two fine-structure components separated by about 14.5 
MHz or 30 km s~' at 2 mm (Kawaguchi et al. 1993). The 
ground state of MgNC is and the splitting arises from 
spin-rotation interactions. Given the typical line widths of 
~30 km s~' observed in CRL 2688 (e.g.. Young et al. 1992), 
these two components should be blended together to form 
one broad feature with ~ 60 km s~'. These widths 
were observed for every transition, confirming the identifi
cation of MgNC in this source. The W = 11 -»10 transition 
appears to be blended with a C5H feature. Also, there is a 
possible contaminating line of Si^'S in the AT = 12-» 11 
transition; however, it is unlikely to contribute much to the 
MgNC line intensity. Five lines were detected for NaCN, 
which are from components of the J = 9 ^ 8 and 
J = 10 -> 9 transitions. These features have fine widths 
AF„j ~ 23-31 km s"'. The J(K^, K,) = 10(3, 7)^9(3, 6) 
transition may be partially contaminated by one of the 
lambda-doublets of the CjHC^n 3,2); J = 56.5 -• 55.5 fine. 
NaCN, MgNC, and AlF all exhibit LSR velocities near 
— 30 to —37 km s"', as expected for CRL 2688 (e.g., 
Truong-Bach et al. 1988; Young et al. 1992). 

Figures 1,2, 3, and 4 present the spectra of all transitions 
of AlF, MgNC, and NaCN observed toward CRL 2688. 
Figure 1 displays the data for AlF obtained with the 30 m 
telescope. The top panel shows the / = 4 -• 3 line, which 
consists of 10 hyperfine components arising from the 
I = 5/2 spin of ̂ 'Al (Wyse, Gordy, & Pearson 1970). These 
/i/lines, along with a blended SiC4 feature, give a very broad 
appearance to the line profile. The position of the arrow 
under the spectrum indicates the centroid of the frequencies 
of the three strongest hf components. The middle panel 
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FIG. 1.—^THE J = 4 3, 5 -»4, and 8 -»7 rotational transitions of 
A1F(X'S^ ) detected toward CRL 2688 using the IRAM 30 m telescope. 
Channel resolution is 1 MHz. The arrows underneath the spectra indicate 
the centroid of the strongest hyperfine components of AlF; for the 
J = 4 3 line, these are sufiieiently spread out to broaden the hne profile. 
In addition, this hne is contaminated with a SiC4 transition. The J = 8 -* 7 
line appears on the wing of a strong HC3N feature. 

displays the / = 5 -• 4 transition of AlF. Here the strong hf 
components fie within 1 MHz of each other, and hence the 
line shape has the expected ~30 km s~' width. There is 
some suggestion of a U-shaped profile in this spectra, indi
cating that the aluminum fluoride source may be partially 
resolved in the 15" beam. However, the J = 8->7 tran
sition, shown in the bottom panel, does not appear U-
shaped, although its location on the wing of a strong HC3N 
fine somewhat distorts the profile. The lack of these 
" horns " suggests that AlF is not resolved in the 9" beam at 
263 GHz. For this transition, the /)/splitting is negligible. 

In Figure 2, spectra for the W = 11-• 10, 12-»11, 
13 -• 12 transitions of MgNC are presented, as measured 
with the 12 m telescope. The arrows underneath each 
feature indicate the positions of the two fine-structure com
ponents, which can account for the unusually broad line 
profiles (cf. the HC3N feature in the iV = 13 ->• 12 spectrum). 
The partially blended C5H feature is indicated on the 
JV = 11 -• 10 spectrum. 

Figure 3 shows three of the transitions detected for 
NaCN using the 12 m antenna. Arrows indicate the posi
tion of the respective NaCN fines. These detection include 
the K„ = 0 component of the J = 9 -> 8 transition. The 

= 0 and one of the K^ = 2 asymmetry components of 
the J = 10 -• 9 fine were also seen. (The strongest NaCN 
transitions are a-dipole allowed, i.e., AK„ = 0, AK^ = +1). 
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FIG. 2.—The N = 11 ^ 10, 12-»11, and 13-»12 transitions of 
MgNC(X^2^ ) observed toward CRL 2688 using the 12 m telescope. The 
resolution here is 2 MHz. The arrows underneath the spectra indicate the 
positions of the blended spin-rotation doublets of each transition, which 
broaden each line profile (cf HC3N). The N = 11 10 transitions also 
appears to be blended with a C5H line. 
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FIG. 3.—Three of the five transitions of NaCN{.JM) detected toward 
CRL 2688 using the 12 m telescope, with 2 MHz resolution. The quantum 
number designation is J(K^, KJ. Both = 0 components were detected 
in the 7 = 9 -» 8 and J = 10 -* 9 transitions. 

Figure 4 presents the two additional NaCN detections, in 
this case the K„ = 3 asymmetry components of the 
/ = 10 -• 9 transition. One of the doublets = 7 -> 6) 
appears to be somewhat stronger than the other {K^ = 
8 -> 7) because of contamination by C^H, as mentioned. 
Several U-lines are also visible in the data. 

Within the limitations of the signal-to-noise ratios, the 
observed 12 m line profiles all appear to be flat-topped. 
These profiles indicate that the MgNC and NaCN sources 
are optically thin and not resolved in the ~ 40" beam of the 
12 m telescope. AlF emission is very weak so these lines are 
certainly optically thin, and well-defined horns are not 
visible on the profiles, although line blending and hyperfine 
structure complicates the interpretation. It is reasonable to 
assume the AlF source is not resolved as well, even in a 9" 
beam. Additional evidence of a small angular source size is 
our failure to detect 2 mm AlF emission with the 12 m 
telescope. 

A variety of carbon and silicon-bearing species were also 
observed. These results are summarized in Table 2. Several 
U-lines were detected as well. 

4. DISCUSSION 

4.1. Origin in the AGB Envelope 

CRL 2688 is a complicated source with multiple outflows 
(e.g., Young et al. 1992; Skinner et al. 1997; Sahai et al. 
1998a; Cox et al. 2000). From the chemistry viewpoint, it is 

probably sufficient to describe this source as having a mass 
of roughly 7 Mg (e.g.. Skinner et al. 1997; Lopez & Perrin 
2000) and being comprised of a slow-moving AGB shell 
with an expansion velocity near 18 km s~' (Young et al. 
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FIG. 4.—^The other two transitions of NaCN observed toward CRL 
2688 using the 12 m (2 MHz resolution). These are the = 3 asymmetry 
doublets of the J = 10 ^ 9 transition. The (K„, K^) = (3, 7) ^ (3, 6) com
ponent may be blended with one of the lambda-doublets of the 
J = 56.5 55.5 transition of C^H; the other doublet is visible in the spec
trum at the center of the bandpass. Two unidentified lines are also present. 
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TABLE 2 

OTHER MOLECULES OBEYED IN THE BANDPASS* 

Frequency ^^1/2 
Molecule Transition (MHz) (K) (kms^') (kms"') 

.(j)' J = 27.5-»26.5(e&l) 131,282.8 0.004 ± 0.003 ~-33 -30 

C^S(^) JV, = 43„-»4243 131,340.2 0.004 ± 0.003 - 32 ± 4 45 ± 4 
HCCN' JV, = 6,->5s 131,762.8 0.024 ± 0.004 - 35.7 ±2.3 31.8 ± 2.3 
HCCN' AI, = 6b-»5, 131,833.3 0.022 +0.004 -34.6 + 2.3 33.0 ± 2.3 
Sic;-' J =43^ 42 131,885.9 0.006 + 0.004 ~-33 -30 
HCCN' Nj=6,^5^ 131,9562 0.017 ± 0.004 - 37.1 +2.3 34.1 + 1.1 

CjN N=14^13u 138,534.5 0.032 ± 0.003 --38 34.6 ± 2.2 
"CS J-3^2 138,739.3 0.018 ± 0.003 -38.6 + 2.2 25.9 ± 2.2 
HCjNCv, = 1) /=17-.16e 155,037.2 0.011 ± 0.001 -34.9 ± 2.0 27.1 ± 2.0 
HC3N(v, = 1) J=17-.16f 155,259.2 0.011 ±0.003 -36.8 ±2.0 23.2 ± 2.0 

CjH(2n 3,j) J - 56.555.5 a 156,612.3 0.004 + 0.003 - 31.7 ± 3.8 26.7 ± 3.8 
SiCj J(K„ X,) - 7(0, 7) ^ 6(0, 6) 158,499.2 0.049 + 0.004 -34.9 ± 2.0 30.2 ± 2.0 
H"CCCN J =18 ̂ 17 158,692.0 0.017 ± 0.004 -36.5 ± 3.8 26.5 ± 3.8 

SiCj-' J(K„ KJ = 7(6,2) ̂  6(6, 1) 164,770.5 0.127 ±0.010 --33 -35 
& 7(6, 1) ^ 6(6, 0) 

H2C5''(7) J(K:„K.) = 8(1,8)-7(1,7) 164,777.6 
HCCN'-" W, - 12,, 11, „ 263,683.6 0.024 ± 0.007 - - 33 - 30 
HCjN" J = 29-»28 263,792.4 1.8 ±0.1 ~-37 -30 
U(?) ... 143,238 0.003 ± 0.002 -33 25,1 ±4.2 
U ... 156,468 0.004 ± 0.003 -33 30.6 ± 3.8 
U ... 156,647 0.004 ± 0.003 -33 23.0 ± 3.8 

U ... 156,846 0.005 ± 0.003 -33 30.6 ± 3.8 

" Kitt Peak data with a resolution of 2 MHz, unless noted. All errors are 3 u. Beam sizes and efficiencies as given in 
Table 1. 

'' Blended line; see text. 
" Detected with IRAM 30 m. Resolution is 1 MHz. 
'' PossibIecontaminationofCCN(^n,y2).' = 11.5-»10.5(e&0. 
® Multiple velocity components. 

1992; Truong-Bach et al. 1993). Molecular emission arising 
from this envelope typically has velocities near ^ — 33 
km s~' (Fukasaku et al. 1994). In addition, CRL 2688 
appears to have undergone more recent (and more violent) 
mass loss which has resulted in the ejection of approx
imately 1 MQ of material (Jura et al. 2(K)0). This wind, 
which has some bipolar characteristics, may be entraining 
gas-phase CO, which subsequently causes shocks and 
vibrationally excited Hj emission on the inner edges of the 
AGB envelope (Cox et al. 2000). These high-velocity flows 
manifest themselves as broad wings (AF^^ ~ 70-100 km 
s~') on molecular line profiles, often asymmetric on the 
blueshifted side (e.g., Young et al. 1992). 

Although the spectra are weak, there is no clear evidence 
of high-velocity wings on the profiles of the three molecules 
detected here. (The broad AlF: J = 4 ^ 3 profile can be 
explained by line blending and ?i/components). In fact, their 
line parameters are identical to molecules known to orig
inate in the AGB envelope (Fukasaku et al. 1994). Thus, it 
can be concluded that at least the bulk of NaCN, MgNC, 
and AlF emission detected in CRL 2688 originates in the 
AGB remnant shell. Hence, these molecules are likely 
formed from circumstellar chemistry similar to that in IRC 
+ 10216. 

The three molecules probably do not all arise from the 
same part of the AGB envelope, however. MgNC is a free 
radical, and hence highly reactive in hot, dense gas, while 
the other two species are closed-shell and would form under 
LTE conditions. Although, to our knowledge, a detailed 
model of the density profile in the envelope of CRL 2688 
has not been produced, Yamamura et al. (1995) have calcu
lated a density gradient based on ''CO measurements. As 

expected, the gas density decreases rapidly with distance 
from the star. Truong-Bach et al. (1990) have additionally 
calculated the temperature gradient for this object and 
found a similar dependence to that of IRC -1-10216 
(Truong-Bach et al. 1991). Therefore, it seems logical to 
assume that the shell in CRL 2688 has significant tem
perature and density gradients as a function of distance 
from the star, similar to what is observed in IRC +10216 
(see Keady & Ridgway 1993). 

Given this scenario, it is likely that MgNC exists in the 
outer envelope of CRL 2688, where temperatures and den
sities are sufficiently low (T <25 K, n ~ 10' cm"') such 
that free radicals have a reasonable lifetime. In contrast, 
AlF and NaCN, both stable, closed-shell species, probably 
form in the inner envelope under LTE conditions, as pre
dicted for such molecules by Tsuji (1973). These varying 
distributions have been found for these three compounds 
toward IRC -I-10216 (e.g., Guehn et al. 1997). Moreover, in 
CRL 2688 the location of molecules such as CS, SiS, and the 
carbon chains and radicals (CjH, C4H, HC5N, HC7N, 
HC9N) mimic those of IRC +10216. CS and SiS in both 
sources are confined to the inner envelope (Nguyen-Q-Rieu 
& Bieging 1990; Kasuga, Yamamura, & Deguchi 1997; 
Highberger et al. 2000), while the carbon chains appear to 
exist exclusively in tlie outer shell (Guehn et al. 1996; 
Truong-Bach et al. 1988; Fukasaku et al. 1994). 

4.2. Determination of Column Densities and Abundances 

The total column density and rotational temperature for 
each metal-bearing molecule was computed from the radi
ation temperatures using a rotational diagram, where upper 
state column density is plotted as a function of upper state 
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energy (£„). The resulting slope is directly related to the 
inverse of the rotational temperature (T„,), and the y-

intercept is proportional to the total column density (JV,„,) 
of the molecule. A hnear relationship is obtained in such 
plots if all transitions are optically thin and can be 
described by a single rotational temperature. The functional 

form of this plot is given by the following equation; 

log (3kT^AV,iJ&nhS,jf,^) = log {NJQ,J 

-(log eXEJXJ (1) 

Here v is the frequency of the transition, Sy is its line 
strength, /j„ is the permanent dipole moment of the mol
ecule, and Q„i is the rotational partition function. 

The line intensities measured for AlF, MgNC, and NaCN 
are sufficiently weak to justify the optically thin assumption. 
However, since the spatial extent of each molecule is not 
definitively known, the rotational analyses were performed 
for a range of source sizes (5", 10", 30" and for a unity filling 
factor). The appropriate filling factor correction was applied 
to the line intensities for source distributions smaller than 
the telescope beam. (The filling factor correction is /= 
(fij + 0j)/0j, where 0, is the source size.) The resulting fits 
are shown in Table 3, along with the correlation coefficient 
R^. Some representative fits are shown in Figure 5. One 
trend is clearly apparent from this analysis: the rotational 
temperatures for MgNC are 7^„, < 15 K, no matter what 
source size is chosen, while those of AlF and NaCN are 
hi^er. The value for NaCN is > 50 K, and that of AlF 
is in the range 20-70 K. These differences are not just a 
result of varying dipole moments because then the rotation
al temperatures of AlF would have the highest values. The 
dipole moments for AlF, NaCN, and MgNC are 1.53 debye 
(Wyse et al. 1970), 3.60 debye (Klein, Goddard, & Bounds 
1981), and 5.22 debye (Ishii et al. 1993), respectively. 

The variations in more likely reflect differences in gas 
kinetic temperatures. MgNC arises in colder gas, hence in 
the outer envelope where < 20 K, or r > 10", where r is 
the distance from the star (Truong-Bach et al. 1990). In 
contrast, AlF and NaCN must arise from further within the 
envelope, for example, at r < 5", where 7]^ > 40 K. Another 
point to note is that the correlation coefficient of the MgNC 
analysis does not improve significantly by decreasing the 

TABLE 3 

RESULTS OF ROTATIONAL DIAGRAM ANALYSIS® 

Source Size Molecule (cm "2) (K) ii^-Value 

Fills Main Beam AlF 3.8 X 10^2 79 0.998 
MgNC 7.0 X 10" 17 0.999 
NaCN 5.5 X 10'^ 88 0.329 

30" AlF 

MgNC 3.7 X 10^^ 13 1.0 
NaCN 1.2 X 10'^ 61 0.489 

20" AlF 4.5 X 10'^ 42 0.958 
MgNC 7.8 X 10'2 12 1.0 
NaCN 2.1 X 10'^ 57 0.516 

10" AlF 8.8 X 10"^ 28 0.961 
MgNC 3,0 X 10'^ 12 0.999 
NaCN 6.9 X 10'" 54 0.536 

5" AlF 2.7 X 10^' 23 0.969 
MgNC 1.2 X 10^'^ 12 0.999 
NaCN 2.6 X 10"̂  53 0.542 

' Also see Fig. 5. 

12.0 

•J) 

30 

8.0 

FIG. 5.—Rotational diagram plots for AlF, NaCN, and MgNC. Source 
sizes of 5" assumed for A!F and NaCN, and 30" for MgNC. Error bars are 
3 a and are based on uncertainties in line intensity and line width. The data 
points for each molecule fit reasonably well to a straight line, indicating 
optically thin emission described by a single rotational temperature. 

source size, while that of NaCN only improves. Overall, the 
beam-filled column densities of the three species are on the 
order of ~ 10'^ cm~^ They increase to ~10"' cm"^ 
for the cyanides and ~10" cm"^ for AlF if the source size 
is 5". 

To calculate fractional abundances, source sizes were 
assumed. Based on the previous results, spherical sources 
were chosen for AlF and NaCN with source sizes of 0, ~ 5" 
and 10". In the case of MgNC, a spherical shell-like 
geometry was deemed appropriate. The outer shell radius 
was chosen to be that of the carbon chain species, namely 
'"outer ~ 15" (Truong-Bach et al. 1988, 1993), while the inner 
radius was selected to be approximately the full extent of CS 
emission, or ~ 5" (Kasuga et al. 1997). Circumstellar 
chemistry models (e.g., Glassgold 1996) predict that carbon 
chain species are created by photochemical reactions, which 
also produce free radicals. This prediction sets the choice of 
outer radius. CS is apparently destroyed by such reactions 
(e.g., Highberger et al. 2000), and therefore its extent was 
chosen to define the inner radius. 

Fractional abundances were derived by the following 
procedure. First, the total column density, Af,„„ corrected 
for source size, was used to compute the number of mol
ecules in the cross-sectional area of the source. Then, this 
number was divided by the assumed source volume (sphere 
or shell) to compute the number density p, e.g., p = 

OT^/(4/3)OT', where r is the source radius for the spher
ical case. For a constant mass-loss rate of Aif ~ 1.7 x 
10"" MQ yr"' (Truong-Bach et al. 1990;Sahaietal. 1998a), 
the number density of Hj molecules, p{H2), was then calcu
lated for the various geometries from the mass-loss formula 
(Olofsson 1997); 

M = 47rr^F„„p(Hj). (2) 
Here r is the radius from the star and is the expansion 
velocity of the shell, assumed to be 18 km s~' (Truong-Bach 
et al. 1993). By dividing the metal-molecule number den
sities by the Hj density, the fractional abundances were 
determined. These results are summarized in Table 4. 

4.3. " Metal "-Chemistry in the Egg 

The presence of AlF in the envelope of an AGB star is not 
surprising; it is predicted by LTE chemistry (Tsuji 1973). It 

A AlF: a-
• MgNC: 30" 
:)NaCN: 5" 

0.0 3«.0 50.0 

E„(K) 
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TABLE 4 

ABUNDANCES IN CRL 2688 vs. IRC +10216 

Source Size Fractional 

Object Distance Molecule (arcsec) (K) (cm Abundance" 

CRL 2688 1 AlF 5 23 2.7 X 10" 5.4 X 10"» 

10 28 8.8 X 10'^ 3.5 X 10"' 

MgNC 30 (shell of 10" width) 13 3.7 X 10'^ 41 X lO"' 

NaCN 5 53 2.6 X 10'" 5.2 X 10-

10 54 6.9 X 10" 2.7 X 10"' 

HCSN*- ~30 3.6 X 10"' 
HC^N'' -30 7 X 10^' 

IRC +10216 150 pc AlF-' 5 25 1.1 X 10" 1.5 X 10"' 

10 25 3.0 X 10'" 8.4 X 10— 

MgNC* 40 (shell of 10" width) 15 5 X 10" 4.8 X 10"' 

NaCN* 5 10 7.5 X 10'" 1.1 X 10"' 
10 10 1.9 X 10'" 5.3 X 10^« 

HCSN"" -40 1.5 X 10 ' 
HC^N" -40 6 X 10"" 

" Relative to Hj. 
** From Truong-Bach et al. 1993. 

From Ziurys et al. 1994. 
From Guelinet al. 1993; Kawaguchi et at. 1993; Ziurys etal. 1995. 

® From Guelin et al. 1997; Turner et al. 1994. 

is interesting, however, that the molecule has survived into 
the post-AGB phase, which means that destruction mecha
nisms for AlF (chemical reactions and/or condensation 
onto grains) cannot be important on the timescale of about 
1000 years, the approximate PPN lifetime (Blocker 1995). 

The fractional abundance derived for AlF in CRL 2688 is 
/(AlF/Hj) ~ 3.5-5.4 x 10"', for 0, ~ 5"-.10". In compari
son, the fractional abundance of aluminum, relative to 
hydrogen, was found to be Al/H ~ 2.3 x 10"^, measured in 
the photosphere of CRL 2688 (Klochkova, Szczerba, & 
Panchuk 2000). This measurement suggests that less than 
1% of the aluminum available at the photosphere is chan
neled into AlF. The remaining concentration of this element 
may be in the form of other molecules, such as AlCl, and/or 
be condensed into grains. However, the limiting reagent in 
the case of AlF synthesis is likely not to be aluminum, but 
rather fluorine. The cosmic (i.e., solar system) abundance of 
"F, the only stable isotope of this element, is F/ 
H ~ 3 X 10"® (Anders & Grevesse 1989). If this abundance 
is characteristic of the photosphere in CRL 2688, it would 
imply that about 10% of this element reacts to form AlF. 
Fluorine could also be in the form of HF, which is routinely 
observed in C-rich stars (Jorissen, Smith, & Lambert 1992), 
and other F-bearing molecules. In contrast, Tsuji (1973) 
predicts that 90% of the fluorine is in AIF at T < 1200 K, 
while about 10% is in HF. 

For MgNC, the fractional abundance was found to be 
/~ 4.1 X 10"', assuming a shell distribution. This concen
tration is orders of magnitude less than the cosmic abun
dance of magnesium (Mg/H ~ 3 x 10"'), neglecting 
interstellar depletion factors (~99%; Savage & Sembach 
1996). On the other hand, it is about a factor of 10 less than 
what is found for the longer cyanopolyyne chains in the 
outer envelope of CRL 2688. For example, Truong-Bach 
et al. (1993) measured /(HC7N) ~ 7.0 x 10"® and 
/(HC9N) ~ 5.3 X 10"®. Such a comparison is of interest, 
because a proposed mechanism for MgNC formation in 
circumstellar envelopes is the radiative association reaction 

of Mg+ and HC„N (Petrie 1996): 

Mg+-l-HC„N->MgNC„H+-(-lit), (3) 

MgNC„H+H-e"-•MgNC + C„_iH . (4) 

The longer the cyanopolyyne chain, the faster the rate of the 
radiative association process because excitation of low-
lying bending modes stabilizes the product molecular ion. It 
thus appears that there are sufficient precursor molecules 
available in CRL 2688 to make this mechanism possible. 

The calculated abundance of NaCN is quite high in CRL 
2688, with/^ 3-5 x 10"®, but is consistent with precursor 
abundances. Nguyen-Q-Rieu & Bieging (1990), for example, 
found/(HCN) > 2 x 10"' in a 9" x 8" source. Moreover, 
Klochkova et al. (2000) directly measured the abundance of 
atomic sodium in the photosphere of CRL 2688 to be Na/ 
H ~ 1.7 X 10" In addition, these authors detected an 
atomic sodium component near F ~ — 70 km s"' of com
parable intensity to the photospheric line, which they attrib
ute to the high-velocity wind. Hence, there appears to be 
sufficient sodium in the gas phase both near the star and in 
the inner AGB envelope. As much as 10% of this element 
may have reacted to form sodium cyanide. 

4.4. Comparison to IRC +10216: Implications for AGB 
Chemical Evolution 

AlF, NaCN, and MgNC have only been detected toward 
one other object, the circumstellar envelope of IRC 
-t-10216. (We also recently observed MgNC in CRL 618: 
Highberger et al. 2001, in preparation). Because IRC 
-I-10216 is at an earUer stage of evolution, it is useful to 
compare abundances in this object with those of CRL 2688. 

Fractional abundances of these three molecules in IRC 
-1-10216 are thus listed in Table 4. These values were 
derived from the same method used to determine the CRL 
2688 abundances for a meaningful comparison. 

For AlF in IRC -1-10216, the column density was taken 
from Ziurys et al. (1994), who Hsted values both for 5" and 
10" sources. The MgNC column density was obtained from 
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Ziurys et al. (1995), and the source distribution (a shell with 
a diameter of 40" and width of 10") was determined from 
Plateau de Bure (PdB) interferometer maps (Guelin et al. 
1993). In the case of NaCN, the data of Turner et al. (1994), 
obtained with the 12 m telescope, were reanalyzed using a 
rotational diagram. Here column densities were calculated, 
assuming 5" and 10" source size estimates, also based on 
PdB maps. Using these column densities and source dis
tributions, fractional abundances were determined. A mass-
loss rate of 3 x 10"' MQ yi~^ and a constant expansion 
velocity of 15 km s~' were assumed (e.g., Guelin et al. 
1996). 

As shown in Table 4, the fractional abundance of AlF in 
IRC -I-10216, relative to Hj, is 0.8-2 x 10"', depending on 
the source size. (This value differs from that originally calcu
lated by Ziurys et al. 1994 because these authors based their 
abundance on an unusually large H^ column density of 
lO^"* cm ~ ^). In contrast, the AIF abundance in CRL 2688 is 
over an order of magnitude lower (4-5 x 10"'). For 
MgNC, the difference between the two sources is about a 
factor of 10: /-5 x 10"® for IRC -1-10216 and 
/~ 4.1 X 10"' for CRL 2688. On the other hand, the 
abundance of NaCN is comparable in both sources (IRC 
-H0216: /-0.5-1.1 X 10"' vs. CRL 2688: /- 0.3-
0.5 X 10"'). 

The decrease in abundance for MgNC may be due to 
chemical changes resulting from AGB evolution. It is cer
tainly the case that the AGB envelope in CRL 2688 has 
moved a greater distance from its central star. The outer 
envelope of IRC +10216, for example, where photochemis
try is producing radicals and carbon chains (~7 x 10'^ 
cm), is not even as large as the HCN source in CRL 2688 
(~10" cm), where molecules are still heavily shielded by 
dust. 

Chemical variations on the evolutionary track from AGB 
to planetary nebula have been studied by Bachiller et al. 
(1997). These authors found that the abundances of the ref
ractory molecules SiO and SiCj decrease at least an order 
of magnitude in CRL 2688 and CRL 618 relative to AGB 
stars, and these species disappear altogether in PN sources. 
Moreover, Nguyen-Q-Rieu & Bieging (1990) found a factor 
of 10 smaller SiS abundance in CRL 2688 relative to IRC 
+10216. Destruction of these molecules is thought to result 
from fragmentation of the AGB shell, producing clumps of 
dense gas exposed to extreme UV radiation, i.e., small 
photon-dominated regions. Chemistry in this environment 
favors ions, but the exact destruction routes for the silicon 
molecules have yet to be established (Bachiller et al. 1997). 
Regardless, if SiCj and SiO slowly disappear as a system 
evolves to a planetary nebula, MgNC and other refractory 
species may follow a similar track. 

In contrast, the abundance of NaCN does not signifi
cantly vary between CRL 2688 and IRC -I-10216. Conse
quently, NaCN does not follow the evolutionary chemical 
trend of silicon species (and MgNC). This difference is 
perhaps because NaCN is closed-shell and is produced by 
inner envelope LTE or even shock chemistry, as opposed to 
outer envelope photochemistry necessary for the radical 
MgNC. Active photochemical reactions at the shell edge in 
CRL 2688 obviously are altering AGB abundances (e.g., the 
case for HNC: Bachiller et al. 1997); inner shell species are 
shielded from such processes and remain intact for a longer 
time. Gas-phase sodium found in the high-velocity winds 
(Klochkova et al. 2000) may also be replenishing the NaCN 

concentration, although this must occur on a short time-
scale. 

4.5. AlF and "F Production in AGB Stars 

The lower abundance of AlF in CRL 2688 compared to 
IRC -H10216 may be a chemical effect. The chemistry of this 
molecule, however, depends on the "F abundance in the 
stellar envelope. The amount of AlF in CRL 2688 (AlF/ 
H ~ 3 X 10"') is a factor of 10 less than the solar system 
value of fluorine (F/H ~ 3 x 10"®). For IRC -1-10216, as 
shown in Table 4, the fractional abundance of AlF relative 
to H (not Hj), is/~ 4-8 x 10"®—as much as a factor of 2.5 
higher than the "F solar system number. Since fluorine 

may also be contained in other molecules, particularly HF, 
our derived AlF/H abundances are actually a lower limit to 

the F/H ratio. The derived AlF/H value for IRC -t-10216 
implies that the fluorine abundance in this object at the 
current epoch may be larger than what is found in the solar 
neighborhood, which probably represent the initial F/H 
ratio when the star formed. The current abundance ratio of 
AlF/H in the circumstellar envelope of IRC -I- 10216 may 
indicate a significant net production of fluorine on the 
AGB. 

The origin of "F in nucleosynthesis is uncertain. The two 
commonly accepted ideas for "F synthesis are ^°Ne spall
ation in supernovae, and hot proton addition to '®0 during 
helium-shell burning in AGB stars. The latter process is 
thought to be more likely (Forestini et al. 1992; Goriely & 
Mowlavi 2000). Unfortunately, fluorine does not have 
useful optical transitions for the usual atomic abundance 
determinations. Studies of rovibrational transitions of HF 
toward red giant stars have up to the present provided the 
only available information concerning the "F abundance 
outside the solar neighborhood (Jorissen et al. 1992). The 
HF measurements indicate an abundance of fluorine in red 
giants as large as F/H ~ 9 x 10" ' (30 times that of the solar 
system) with the value increasing with the C/O ratio. 

Our AlF observations are in agreement with an increase 
in "F abundances as suggested by the HF studies. Such 
enhancements have been predicted by nucleosynthesis 
models (Forestini & Charbonnel 1997). As the AlF mea
surements also indicate, the "F abundance appears to be 
lower in CRL 2688 than in IRC -I-10216. This result may 
have an explanation in nucleosynthesis as well. Calculations 
suggest that fluorine production is not as effective in higher 
mass stars, i.e., with initial mass greater than 4 MQ. Hot 
convective plumes are thought to destroy some of the "F 
synthesized in previous thermal pulses from the reactions 
"F(a, p) ^^Ne and "F(n, y) (Forestini & Charbonnel 
1997). Given the apparently larger mass of CRL 2688 (~7 
MQ) and later evolutionary phase, as compared to IRC 

10216, such "F destruction may have occurred. There
fore, the AlF abundance differences between the two 
sources may simply reflect variations in the amount of 
overall "F productioa 

5. CONCLUSIONS 

The detection of AlF, NaCN, and MgNC in the AGB 
wind of CRL 2688 indicates that grain condensation does 
not remove all refractory elements from the gas phase in the 
proto-planetary nebula stage of steUar evolution. In fact, 
the NaCN abundance in CRL 2688 is comparable to that of 
IRC -1-10216, which is still in the AGB phase. However, 
chemistry occurring in the outer envelope of CRL 2688 
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appears to have decreased the abundance of MgNC relative 
to that in IRC +10216. This result is not surprising, since 
chemical processing in the outer envelope has altered con
centrations of molecules Hke HNC in post-AGB stars and 
in planetary nebulae. Inner envelope metallic compounds 
such as AlF and NaCN may survive longer in the evolu
tionary sequence of stars, perhaps even to the PN stage. 
Finally, the relatively high abundance of AlF in both CRL 
2688 and IRC +10216 suggests that the ^^F abundance in 
certain objects may be higher than solar system values— 

additional evidence that this element is produced in at least 
some AGB stars. 
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ABSTRACT 

Observations of comet Hale-Bopp (C/1995 01) have been carried out near perihelion (1997 March) at millimeter 
wavelengths using the NRAO 12 m telescope. The / =l-*0, 2-^1, and 3^2 hnes of HCN at 88, 177, and 
265 GHz were measured in the comet as well as the 7 = 3 2 lines of H'^CN, HC'^N, and HNC. The N = 

2 1 transition of CN near 226 GHz was also detected, and an upper limit was obtained for the 7 = 2 1 line 
of HCNH"^. From the measurements, column densities and production rates have been estimated. A column 
density ratio of [HCN]/[HNC] = 7 ± 1 was observed near perihelion, while it was found that [HCN]/[HCNH'*'] 
^ 1. The production rates at perihelion for HCN and CN were estimated to be (2(HCN) ~ 1 x 10^® s~' and 
(2(CN) 2.6 X 10^^ s~', respectively, resulting in a ratio of [HCN]/[CN] = 3. Consequently, HCN is sufficiently 
abundant to be the parent molecule of CN in Hale-Bopp, and HCNH"^ could be a source of HNC. Finally, carbon 
and nitrogen isotope ratios of'"C/'^C = 109 ± 22 and "'N/'"''N = 330 ± 98 were obtained from HCN measurements, 
in agreement with previous values obtained from J = 4-* 3 data. Such ratios suggest that comet Hale-Bopp 
formed coevally with the solar system. 

Subject headings: comets: individual (Hale-Bopp 1995 01) — molecular processes — radio lines: solar system 

1. INTRODUCTION 

Comets are beheved to form ubiquitously during the process 
of molecular cloud core collapse and solar system formation. 
Therefore, they are thought to be important links between plan
etary systems and molecular clouds and are representative of 
conditions that prevailed in the outer solar nebula (>5 AU) 4.6 
billion years ago. Evaluating the chemical composition of these 
objects should reveal the amount of preserved interstellar ma
terial and consequently put significant constraints on processes 
that occuned in the pre-solar nebula (e.g., Irvine et al. 1998). 
Unfortunately, many comets have been processed considerably 
by multiple passes near the Sun. The appearance of comet Hale-
Bopp (C/1995 01) in 1995 thus offered a unique opportunity. 
Its polar orbit with respect to the ecliptic plane (indicating it 
came from the Oort cloud, not the Kuiper Belt) and its unusual 
brightness (10"^ times that of Halley at the same hehocentric 
distance) suggested a pristine origin. 

Several diagnostic studies have been carried out to establish 
the cloud-solar system link for comet Hale-Bopp. Jewitt et al. 
(1997), for example, have measured the '"C/'^C and "*N/'^N 
ratios using the 7 = 4 3 transition of HCN at various times 
near perihelion. Irvine et al. (1998) monitored the [HCN]/ 
[HNC] abundance ratios in Hale-Bopp using the 7 = 4^3 
transitions of both molecules over a period of over a year. Both 
papers concluded that comet Hale-Bopp was not composed of 
unprocessed interstellar material. 

In an effort to evaluate the chemistry of CN and related 
species better, we have carried out near-simultaneous mea
surements of HCN, HNC, CN, and HCNH"^ toward comet Hale-
Bopp, using the NRAO 12 m telescope, in 1997 March. In 
particular, we have obtained spectra of the 7 = 3 2 hnes of 
HNC, H'^CN, and HC^'N as well as the 7 = 1 0, 2 1, and 

' Department of Astronomy, Department of Chemistry, and Steward Ob
servatory, 933 North Cherry Avenue, University of Arizona, Tucson, AZ 
85721-0065. 

- Current address: Division of Engineering and Applied Science, Harvard 
University, 29 Oxford Street, Cambridge, MA 01238. 
' Deceased. 
* Department of Physics and Astronomy, Arizona Slate University, Box 

871504, Tempe, AZ 85287-1504. 

3 2 transitions of HCN, which have allowed for an accurate 
evaluation of opacity effects in this molecule. In addition, we 
detected the N = 2 ̂  1 transition of CN and obtained an upper 
limit for HCNH"*". These observations are the first in which 
HCN, HCNH"^, and CN lines have been measured simulta
neously. From these data, we have determined the column den
sities and production rates of these molecules as well as their 
isotope and abundance ratios. Here we present our results. 

2. OBSERVATIONS 

The data were taken during a series of observing runs in 
1997 March and May using the NRAO'' 12 m telescope at Kitt 
Peak, Arizona. The receivers used were dual-channel cooled 
SIS mixers covering the 3, 2, and 1 mm bands. Each mixer 
pair was operated in single-sideband mode with image rejection 
around 20 dB. The temperature scale was determined by the 
chopper-wheel method, corrected for forward spillover losses, 
and is given in terms of T^. The back ends used were filter 
banks with 100, 250, or 500 kHz resolution, depending on the 
observing frequency. The comet position was calculated 
through a two-body ephemeris program using the orbital ele
ments provided by D. Yeomans of JPL. Data were taken by 
position-switching with the off position 30' west in azimuth. 

3. RESULTS 

The data obtained for comet Hale-Bopp are summarized in 
Table 1. This table lists the transition frequencies observed, 
UT date, telescope beam efficiency line intensities 7^*, and 
line widths. All lines appeared at the cometocentric velocity, 
with only slight variations of 0.1-0.2 km s~'. As shown in the 
table, the N = 5/2 3/2 spin-rotation component of the N = 

2 1 rotational transition of CN, which consists of three hy-
perfine transitions closely spaced in frequency near 226,874.7 
MHz, was detected on UT dates March 7-8 and 24-25. These 
hnes were quite weak and required averages over 2 days. The 
/ = 1^0, 2-*l, and 3-^2 transitions at 88.6, 177.3, and 

' NRAO is operated by the Associated Universities, Inc., in cooperative 
agreement with the National Science Foundation. 
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TABLE 1 

OBSERVATIONS OF CN, HCN, HNC, AND RELATED SPECIES' 

Date V N 

Molccule Transition (1997) (MHz) Vr (K) (km s ') 

CN N = 2^1: 
J =511^ 3/2" Mar 7-8 226874.7 0.5 0.019 ± 0.005 3.1 ± 0.3 

Mar 24-25 0.030 ± 0.010 3.7 ± 0.3 
HCN J = I-»0; 

F= 1-1 Mar? 88630.4 0.9 0.25 ± 0.03 2.2 ± 0.4 
F= 2- 1 88631.8 0.42 ± 0.03 2.4 ± 0.4 
F=0-* 1 88633.9 0.13 ± 0.03 2.0 ± 0.4 
F= l-I Mar 24 0.26 ± 0.03 2.2 ± 0.4 
F = 2 ^ i  0.48 ± 0.03 2,3 ± 0.4 
F=0-»1 0.11 ± 0.03 2.2 ± 0.4 
F = 1-^1' May 27 0.06 ± 0.01 0.9 ± 0,2 
F = 2 - * V  0.09 ± 0.01 0.8 ± 0.2 

0.04 ± 0.01 0.9 ± 0.2 
J = 2-* 1: 

F = 2 2" Mar 7 177259.8 0.64 0.33 + 0.05 -2 
F= 1 -0 
F = 3 2" 177261.1 1.90 ± 0.05 2.7 ± 0.2 
F= 2-» 1 
F= I - 1 177263.4 0.26 ± 0.05 2.1 ± 0.2 
F = 2 - 2" Mar 24 0.72 ± 0.15 ~2 
F= 1 -0 
F = 3 - 2" 2.72 ± 0.15 2.8 ± 0.2 
F= 2-» 1 
F= 1 - 1 0.47 ± 0.15 1.9 ± 0.2 

J = 3 2'''= Mar 7 265886.2 0.39 3.7 ± 0.2 2.4 ± 0.3 
Mar 24 6.5 ± 0.2 2.5 ± 0.3 

HNC J = 3^2' Mar 9 271981.1 0,38 0.66 ± 0.05 2.3 ± 0.3 
H'^CN J = 3-2' Mar 25 259011.6 0.41 0.13 ± 0.03 . 2.9 ± 0.3 
H'^CN J = 3 - 2' Mar 25 258157.2 0.41 0.040 ± 0,015 3.1 ± 0.3 
HCNH' J = 2-1 Mar 11 148221.4 0.73 <0.03 

" Measured with 250 kHz resolution unless noled. 
Blend of hf lines (see text). 

" Measured with 100 kHz resolution. 
•' Hyperfine components blended. 
" Measured with 500 kHz resolution. 

265.9 GHz of HCN were all observed on UT days March 7 
and 24, and isotopomer data were observed on March 25. Emis
sion of the 7 = 1^0 line was also measured on May 27. In 
addition, the 7 = 2 1 transition of HCNH^ near 148 GHz 

was searched for on March 11 but was not observed down to 
levels of 30 mK, peak-to-peak, while the 7 = 3 2 line of 
HNC was observed on March 9. 

The HCN data are complicated because of the presence of 
nuclear quadrupole interactions. This coupling splits the J = 
1 0 line into three hyperfine (hf) components, which were 
easily resolved on all dates. The 7 = 2 1 transition consists 
of five relatively strong hf components (e.g., Maki 1974). The 
F = 2-^2 and F = 1 ̂  0 components are completely blended 
with each other, as are the F = 3 2 and 2 1 lines. Both 
blended pairs were detected in our study, with the F = 2-^2/ 
F = 1 0 blend appearing as a shoulder on the F = 3 2/ 
2 -* 1 combination. The fifth weaker hf line, F = 1-^1, was 
also observed. For the 7 = 3 ̂  2 transitions of HCN, its iso
topes, and HNC, all significant hf components are blended 
together to form a single line. 

Representative spectra are presented in Figures 1 and 2, 
which are plotted in the cometocentric velocity frame. Fig
ure 1 shows the 2 ^ 1 transitions of CN and HCN, observed 
on March 24-25. As the figure illustrates, the hf components 
of CN, indicated under the spectrum, are ail blended to yield 
one single but rather weak (—30 mK) line. The profile is broader 
than other species 3.7 km s"^) because of the hf split
ting. In contrast, the 7 = 2 1 transition of HCN is far stronger 
(~2.7 K). In this spectrum, the F = 3 2/2 1 lines compose 

the main part of the line profile, the F = 2 2/1 0 com
ponents form a shoulder on the left of the peak, and the fifth 
component appears as a weak feature to the right. 

Figure 2 shows data obtained on March 24-25 for the 7 = 

3^2 transitions of the '^C and '"^N isotopomers of HCN. The 
H'^CN and HC'-^N spectra were obtained after 2.2 and 3.5 hr 
of integration, respectively. These spectra appear fairly sym
metrical. Wright etal. (1998) noted thatthe7 = 1 0 transition 
of HCN periodically had an asymmetrical and sometimes 
double-peaked profile, with a peak separation of 1.4 km s"'. 
These double-peaked profiles would be barely discernable 
given our spectral resolution (~0.5 km s~'). 

4. DISCUSSION 

4.1. Column Densities and Production Rates 

In order to derive abundance ratios, column densities and 
production rates were calculated. These quantities were deter
mined assuming that molecular emission fills the telescope 
main beam, which was on the order of 72" at 3 mm, 45" for 
the 2 mm observations, and 25" for the 1 mm measurements. 
Aperture synthesis maps of HCN made by Wright et al. (1998) 
show an HCN distribution ^1' in extent; therefore, this as
sumption was justified. Also, all transitions were assumed to 
be optically thin, except for HCN, and a rotational temperature 
of = 50 K was used. The value of was chosen based 
on rotational temperatures determined from millimeter-wave 
lines of CH3OH by Biver et al. (1997), who derived 
53 K for a heliocentric distance of 1.4 AU. The column den-
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FIG. 1.—Spectra of the 7 = 2 -• 1 transition of HCN near 177 GHz and ihe 
N =1^\ transition of CN near 226 GHz observed on the UT date of March 
24-25 toward comet Hale-Bopp using the NRAO 12 m telescope. Only one 
spin-rotation component {J = 5/2 -» 3/2) was observed for CN, which consists 
of llircc blended hf lines. The HCN line profile also consists of several hf 
components, some which are blended. Positions of the hf lines and their relative 
iniensilies are shown on the spectra. The resolution is 250 kHz. 

sities were calculated for optically thin lines from the following 
formula (e.g., Rohlfs & Wilson 1996, p. 360); 

K. = 
3kT^AVy2i^^^ s ')^rol 

exp {—A£,/7',,„)' 
(1) 

where is the rotational partition function, is the dipole 
moment, is the line strength of the transition 7 + 1 7 for 
a linear, closed-shell molecule, AE, is the energy of the /th 
level above the ground state, and 7)^, Avyj, ^ are the ra
diation temperature, line width, and frequency of a given tran
sition (7/j = For CN, A^is the rotational quantum number 
instead of J, and the intensity of the other spin-rotation com
ponent had to be accounted for. Column densities derived from 
this formula are listed in Table 2. 

For HCN, determining a column density is more problematic 
because of opacity effects. However, for this molecule, three 
separate transitions were observed, two having prominent hf 
structure that could at least be partially resolved. In the J = 
1 -»0 transition, an optically thin ratio of 5 : 3 : I for the three 
hf components F = 2-* I, 1 1, and 0 1 was found for UT 
dates March 7 and 24, in agreement with Wright et al. (1998), 
with a slightly higher opacity near r ^ \ for May 27. In the 
J = 2-* \ transition, the ratio suggested by the strongest com
ponent {F = 3 -* 2 and 2-^1) and the weaker, unblended one 
(F = 1 1) yielded r = 0.55 and r - 1.4 for UT dates March 

FIG. 2.—Spectra of the 7 = 3 ̂  2 transitions of H"CN and HC'^N observed 
toward comet Halc-Bopp on the UT date of March 25 using the 5(X) kHz 
niters. The hf structure here is sufficiently collapsed in these lines that they 
appear as single features. The spectra suggest near-solar '"C/"C and '''N/'-^N 
ratios. 

7 and 24, i.e., slightly optically thick. Therefore, the J = 
3-^2 transition is somewhat thick, with T{J = 3 2) ~ 0.9 
and 2.3 for the two respective days. These opacities imply 
excitation temperatures in the 7 = 2-• 1 line of ~10 and 
-^20 K in the 7 = 3 2 transition. 

The HCN column densities were calculated using a similar 
formula to equation (1), except for the substitution of for 
T/j. Both the J -2-* \ and 3 2 transitions were considered 
in the calculations and are reflected in the range of values given 
in Table 2. The values based on the two separate transitions 
are in good agreement. 

Production rates, also listed in Table 2, were determined for 
parent species using a Monte Carlo simulation (e.g., Combi & 
Smyth 1988 and references therein). In this model, molecules 
are ejected from the comet surface randomly, traveling at a 
constant velocity equal to one-half the observed line width, 
and are photodissociated at rates given by Huebner, Keady, & 
Lyon (1992). Trajectories are traced for those molecules en
tering the telescope beam, and a production rate is calculated 
to reproduce the observed column density. For the daughter 
molecule CN, the production rate was determined assuming 
the species to be a photodestruction product of the parent mol
ecule HCN. As a check for our model, we compared our HCN 
production rates with those of other authors, based on other 
transitions. Our value of Q(HCN) (0.5-1.2) x 10"" s*' is in 
good agreement with rates from Wright et al. (1988; 
2.6 X 10"® s^') and Biveret al. (1997; (27 x 10^'s"'), mea
sured within a few days of each other. 
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TABLE 2 

COLUMN DENSITIES AND PRODUCTION RATES 

Date Tp,| Q Q/Q(}i,or 
Molecule Transition (1997) (AU) (cm"' ') (s" ') (S-' ) (%) 

HCN J= 3-»2 Mar 7 1.018 2.5 X 10" 1.3 X 10"' 4.1 X 10" 
Mar 24 0.926 7.6 X 10'^ 1.4 X 10-^ 1.2 X 10-" 0.12 

J  =  2 - ^ l  Mar 7 
Mar 24 

1.4 X 

2.6 X 

10'^ 
10" 

3.9 X 

7.0 X 

10" 
10" 

J= 1-^0 Mar 7 
Mar 24 

1.0 X 

1.1 X 

10'^ 
10" 

5.5 X 

5.5 X 

10" 
10" 

HNC 7 = 3 ^ 2  Mar 9 1.003 3.4 X 10'- 1.3 X 10^^ 5.0 X 10-" 0.005 
H"CN 7 = 3 - ^ 2  Mar 25 0.923 7.0 X 10" 1.4 X 10"^ 1.2 X 10-" 
HC'^N J = 3 ^ 2  Mar 25 0.923 2.3 X 10" 1.4 X 10"^ 4.2 X 10--' 
CN N = 2 - ^ \  Mar 7-8 1.010 8.0 X 10" 3.2 X 10-" 1.4 X 10" 

Mar 24-25 0.924 1.5 X 10'- 3.5 X 10-" 2.6 X 10" 0.026 
HCNH" y  =  2 - » i  Mar 11 0.989 <1.9 X 10" 

Based on an optically thin assumption, cxccpt for HCN (see text). Dipole moments used were 2.98D(HCN), 
2.70D(HNC), 1.45D(CN), and 0.3D(HCNH^ ). 

''Photodestruction rale, based on solar minimum (Huebner et al. 1992). 
' Assumes StH^O) -10" s"' based on C(OH) from Biver et al. 1997. 

4.2. HCNH^: /I Source ofmC? 

Based on column densities derived from the / = 3 2 tran
sitions, we obtain a ratio of [HCN]/[HNC] = 7 ± 1, as pre
sented in Table 3. The same transition was used for both species 
to minimize differences in beam size, AEj, etc. It should be 
noted that these molecules were observed a little over a day 
apart in time. However, such a ratio is unlikely to reflect daily 
variations since the column density of HCN did not vary over 
a factor of 3 in 2.5 weeks, or less than 10% per day. 

Irvine et al. (1998) have done a detailed study of the [HCN]/ 
[HNC] ratio in Hale-Bopp. Their ratios were determined from 
the integrated intensities of the 7 = 4 3 transitions of these 
molecules. In this case, opacities in the HCN hne had to be 
evaluated on the basis of two very weak hf components (~2% 
of the total transition intensity) blended in the line wings. In 
some cases, this method proved impossible. For example, on 
the UT date of March 9, only a ratio assuming HCN to be 
optically thin could be determined, which was [HCN]/ 
[HNC] ~ 5. On the next closest date, March 15, a "thick" ratio 
of 7 was measured. These values are in very good agreement 
with our ratio. 

Irvine et al. (1998) show that the abundance of HNC in
creased with respect to HCN with decreasing heliocentric dis
tance; they therefore concluded that HNC was not coming from 
the comet nucleus but rather from chemical reactions in the 
coma. Hence, the low [HCN]/[HNC] ratios do not reflect "pris
tine" values originating in cold molecular clouds (e.g., Hirota 
et al. 1998). Irvine et al. suggest that HNC arises from 
HCNH^ in the coma. Our upper limit for the HCNH"^ abun
dance puts some constraint on this possibility. We found 

< 1.9 X 10'^ cm"' for this ion, which is about a factor of 
5 higher than the column density of HNC (~3 x 10'- cm'-). 

TABLE 3 

RELEVANT ABUNDANCE RATIOS 

Ratio 
UT Date 
(1997) Q/Q' 

HCN/HNC Mar 7-9 7 ± 1 
HCN/HCNH" .... .. Mar 7-11 >1 
HCN/H'TO .. Mar 24-25 109 ± 22 100 ± 20 
HCN/HC'N .. Mar 24-25 330 ± 98 286 ± 82 
HCN/CN .. Mar 7-8 3 ± 1 

Mar 24-25 3 ± 1 

Hence, our upper limit is not inconsistent with HCNH^ being 
the precursor for HNC. 

4.3. Isotope Ratios 

Column density calculations based on the 7 = 3 -» 2 tran
sitions of H'^CN and HC'^N, in comparison with that of 
H'-C'N, yield '"C/'^C = 109 ± 22 and 'W'N = 330 ± 98 for 
the dates of March 24 and 25, as given in Table 3. Production 
rate ratios are very similar: 100 ± 20 and 286 ± 82, respec
tively. The errors reflect uncertainties in fitting Gaussian curves 
to the line profiles. Both values are close to the terrestrial ratios 
of '-C/'^C = 89 and '"N/'-'N = 270 (e.g., Wilson & Rood 1994) 
and not the local interstellar numbers, which are '"C/'^C ^ 
11 ±1 and '''N/'-^N 450 ± 22. They are also in agreement 
with ratios obtained from the 7 = 4 ^ 3 observations of HCN 
and its isotopomers by Jewitt et al. (1997), which are 
''C/"C = 111 ± 12 and "N/"N = 323 ± 46. 

A comet carbon isotope ratio significantly greater than the 
present-day, local interstellar medium value could indicate in
terstellar "C enrichment over the past 4.6 Gyr since the comet 
formed, as predicted by most Galactic chemical evolution mod
els (e.g., Wyckoff et al. 1999). Alternatively, the solar (and 
hence comet) carbon isotope ratio could be anomalous in the 
Galaxy. 

4.4. HCN: A Likely Parent Species for CN 

Using the relative production rates determined from the 
2 -> 1 transitions, the [HCN]/[CN] ratio was found to be 
3 ± 1 on both dates observed (see Table 3). Consequently, 
there appears to be sufficient HCN to produce CN. Moreover, 
the production rates of both molecules appear to be correlated 
(see Table 2). There may in fact be too much HCN. These data 
differ with past results for comet IRAS-Araki-Alcock 1983d, 
where it was suggested that the production rate of HCN was 
considerably less than that of CN (Bockel^e-Morvan et al. 

1984). However, the Hale-Bopp data agree with the results of 
Schloerb et al. (1986), who proposed HCN as the main parent 
of CN in comet P/Halley. 

Based on optical spectra, Rauer et al. (1997) found a pro
duction rate for CN of 1.3 x 10" s"' at a heliocentric 
distance of 2.9 AU. We find <2 = (1-4-2.6) x 10'^ s~' at 

~ 1 AU, which is consistent. These authors also concluded 
that there was sufficient HCN for it to be the major parent 
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molecule, at least at large heliocentric distances (2.9-4.6 AU). molecules, do not appear necessary, at least in the case of comet 
Our conclusions, based solely on radio observations, are similar Hale-Bopp. 
at i?;, — 1 AU. Hence, CN may indeed be the daughter species 
of HCN, and other sources, such as CHON particles or other This work was supported by NASA grant NAGS-4280. 

REFERENCES 

Biver, N., et al. 1997, Scicnce, 275, 1915 
Bockclde-Morvan, D., Crovisier, J., Baudry, A., Dcspois, D., Peraull, M., 

Irvine, W. M., Schloerb, F. P., & Swade, D. 1984, A&A, 141, 411 
Combi, M. R., & Smyth, W. H. 1988, ApJ, 327, 1026 
Hirota, T, Yaraamoto, S., Mikami, H., & Ohishi, M. 1998, ApJ, 503, 717 
Huebner, W. F., Keady, J. J., & Lyon, S. P. 1992, Ap&SS, 195, 291 
Irvine, W. M., Bergin, E. A., Dickcns, J. E., Jewiti, D., Lovell, A. J., Matthews, 

H. E., Schloerb, F. P., & Senay, M. 1998, Nature, 393, 547 
Jewitt, D. C., Matthews, H. E., Owen, X, & Meier, R. 1997, Science, 278, 90 

Maki, A. 1974, J. Phys. Chcm, Ref. Data, 3, 236 
Rauer, H., et al. 1997, Science, 275, 1909 
Rohlfs, K., & Wilson, T. L. 1996, Tools of Radio Astronomy (2d ed.; Berlin: 

Springer) 
Schloerb, F. P., Kinzel, W. M„ Swadc, D. A., & Irvine, W. M. 1986, ApJ, 

310, L55 
Wilson, T. L., & Rood, R. T. 1994, ARA&A, 32, 191 
Wright, M. C. H., et al. 1998, AJ, 116, 3018 
Wyckoff, S., Klcine, M., Peterson, B. A., & Ziurys, L. M. 1999, ApJ, in press 


