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ABSTRACT 

Targets of CO2 in a differentially-pumped chamber at a pressure of 40 mTorr were 

bombarded by particles of H$ at energy of 1 MeV. The optical spectrum created in the 

collisions was analyzed with a 1-meter, air Czerny-Turner spectrometer. The spectrum 

excited in the collisions is dominated by molecular bands in the wavelength range from 

300 nm to 900 nm. However, one also sees weak atomic lines from C I, C II, 0 I and 0 II. 

The excitation process gives rise to relatively weak atomic spectra in the visible region 

compared to similar studies of O2. This paper reports on the carbon dioxide spectra 

and compares the relative intensities and the line widths of various features with similar 

studies of oxygen. 
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CHAPTER 1 

INTRODUCTION 

The excitation of atmospheric gases by collisions with energetic particles is of funda

mental interest. Applications of research on the excitation of gases by particle bombard

ment have grown in importance in recent years. It is an important analytical method in 

many chemical, biological, and physics laboratories. It provides useful information about 

molecular structure and the determination of electronic structure or distribution. It is of 

interest in solar-system astronomy because the emission spectra from planets can provide 

information about the chemical composition of their atmospheres. Also the earth's outer 

atmosphere produces the aurora (northern and southern lights) and twilight phenomena, 

which are known to originate in charged-particle bombardment of atmospheric gases. 

Only in modern times has one learned that the aurora occurs because of parti

cle bombardment. Therefore, any knowledge about the collision process may help one 

develop a greater understanding of the aurora. That would be valuable because the 

emission spectra of the aurora can provide important information about the physical 

conditions of the upper atmosphere and how it responds to the collisions with energetic 

particles. 

The atmosphere's pressure and density decrease exponentially with altitude, so 

that about 99% of the earth's atmosphere lies at altitudes below 30 km. It makes the 

near earth-space a good vacuum. When charged particles from the Van Allen belt or the 

solar wind [1] enter the atmosphere, the resultant collisions produce the auroras. The 

Van Allen belt particles are electrons, protons, and a small percentage of other particles 

which have an energy from 1 to 100 keV; and the solar wind is composed of protons, 
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electrons and a small number of heavier ionized particles with an energy of about one 

keV. It is not easy to simulate the situation of the outer layer of atmosphere since it 

has single atoms of oxygen and nitrogen, for example, which are difficult to produce on 

the earth. Also the composition of the incident particles is fairly complex, and they 

have a wide range of energy. However, choosing certain incident ions and certain target 

molecules could give us the spectrum of a single gas excited by a pure incident beam, 

and. that could give us information about the mechanism of the interaction between the 

incident and target particles. 

Most of the emission spectra emitted by the aurora are excited by electrons and 

protons. Much work has been done on a target of CO2 with electrons [6] and low energy 

ions [4, 17, 18]. We are interested in the heavy ion at moderate energy impact. We 

chose 1 MeV as the incident particle. The spectra may provide information about, 

for example, the precise path followed from the collision to the final states generated 

therein. 

The ultraviolet and visible spectra are only a small part of the electromagnetic 

spectrum. Despite its narrowness, this band of radiation is vital to life on earth, because 

its interactions with molecules are the primary step in both photosynthesis and vision. 

Measurement of such molecular interactions is the basis of UV-VIS spectroscopy and 

can provide a wealth of information about the molecules. The basic principle for this 

experiment is similar to that provided by nature, i.e., collisions of energetic particles 

with a target gas can populate the upper levels of the target gas or of products of the 

collisions. That causes transitions in atoms or molecules from their excited states to 

lower states. Such transitions give rise to the emission of light. 

Spectroscopy has played an essential role in the development of quantum theory. 

Molecules are studied by many scientists to help understand the detailed structures of 

molecules. In the development of the quantum theoretical explanation of molecular 

spectra, it is customary to begin with homo-nuclear diatomic molecules. This is relatively 

simple, because one is dealing with a two-body problem with identical components. 
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Selection rules for such molecules, which are all linear, are fairly simple, but, as the 

number of atoms in the molecule increases and the molecular symmetry decreases, the 

complexity of those rules increases. The general features of polyatomic molecules may be 

explained by extending the development of diatomic molecules. CO2 is one of the most 

extensively studied linear triatomic molecules because of its biological and industrial 

importance as well as in the analysis of astrophysical data. 

Dissociative excitation of CO2 by electrons, protons and heavy ions has also 

been extensively studied because CO2 ions and the dissociation products of CO2 are 

important components of the dayglow of Mars [2, 21]. Also, CO2 has increasing interest 

for environmental science, because of its contribution to the greenhouse effect. For our 

experiment, we observed not only the spectra of CO2 and CO2, but also various features 

of the spectra of CO, CO+, C, C+, O and 0+. One of the interesting findings in our 

work is that they do not all result in spectra in our wavelength range. Also, the relative 

intensity of monatomic lines are weaker relative to molecular structure, when compared 

to to other studies with electrons or low energy ions as the incident beam. 
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CHAPTER 2 

EXPERIMENTAL ARRANGEMENT 

A 2 MV Van De Graaff linear accelerator propelled 1 MeV H$ ions into a target of 

differentially-pumped CO2 gas (Fig. 2.1). The ion source, filled with Hydrogen gas, 

provided ions of H+,H2 and Hf. The beam entered a magnetic analyzer. Because 

the charge-to-mass ratio is different for the various ions, the magnet can easily separate 

them. The field was adjusted so that only particles with a charge-to-mass ratio of 1/3 

(H^ only) were deflected into our target line. We chose to use because there are 

few such experiments done by others. 

The vacuum along the path was maintained at a pressure around 10~6 Torr, at 

which the stopping power is as small as 2.15 X 10~10 MeV/cm. Therefore the energy loss 

of the beam along the path can be ignored. Along the target arm before the gas cell, 

there is a slit control system (Fig. 2.1) which sends signals to a stabilization circuit that 

keeps the beam on line with constant energy. 

The gas pressure inside the target cell (Fig. 2.2) is varied between 0 and 200 

mTorr ± 1 mTorr by means of an MKS automatic control valve; the pressure is measured 

by an MKS capacitance manometer. There are two high-speed diffusion pumps by the 

gas cell to exhaust the gas that passes out from the gas cell through two small-diameter 

collimators. These passages also give us a well-defined incident beam diameter. 

A Faraday Cup is set up at the end of the target arm to collect the beam current. 

This allows each data point intensity to be measured with a set number of incident 

particles. After bombardment of the target gas, the ion beam entered the Faraday cup, 

and the current was read by a meter. However, what is important isn't the current, but 
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the number of particles entering the cell. Clearly, the intensity of the number of incident 

particles will be proportional to the number of particles entering the target chamber. 

Hence it is necessary to measure the collected charge, since that is itself proportional to 

the number of particles. 

In fact, the determination of the number of particles is complicated, because 

there are charge-changing collisions in the target, so that the observed collected charge 

is not the same as the actual charge expected from the incident particles. This shows 

us, for example, in measurements of the apparent current as a function of target gas 

pressure. For a steady beam current, the apparent current can vary by as much as a 

factor of 2 for a pressure variation from vacuum to 200 mTorr. 

Since our runs were all made at a constant pressure, the proportionality between 

the observed collected charge and the number of incident particles was preserved, and 

therefore our relative intensity data are satisfactory. However, if we wanted to measure 

cross sections, for which the absolute number of particles would have to be known, our 

method would not be satisfactory. 

To improve the measurement of the number of incident particles, we have con

sidered using a somewhat more complicated Faraday cup. Let the cup be isolated from 

the target gas by a thin foil. The target particles, which attain only a low velocity as 

a result of the collisions, couldn't penetrate through that foil. On the other hand, the 

incident beam could. Moreover, the beam particles would reach charge equilibrium, so 

that the ultimate collected charge would be strictly proportional to the beam particles, 

and only a measurement of the equilibrium charge would be needed to give the absolute 

number of beam particles. 

One would also have to ensure that electrons, ejected from either the foil or 

from the ultimate collector, would not affect the measured charge, and that could be 

accomplished by inserting a repeller ring between the foil and the collector. 

In addition, it would be necessary to have a diffusion pump connected directly 



15 

to the Faraday cup, so as to make sure that there was a good vacuum in that part of 

the system. 

Perpendicular to the beam line at the gas cell is a quartz window that lets light 

out and into a spectrometer. A diagram of the spectroscopic system is in Fig. 2.3. Light 

from the target was focused through a quartz lens onto the entrance slit of the optical 

spectrometer. This is a one-meter, air, Czerny-Turner, scanning monochromator, with 

a 1200 line/mm grating blazed at 500 nm. The grating blaze at 500 nm enhances the 

spectrometer's efficiency in the visible light region. 

A stepping moter rotates the grating so different wavelengths reach a detector, 

which is behind the exit slit. The light detector was a thermoelectrically cooled pho-

tomultiplier tube (type EMI 9659 QB ). The output signal of the PMT was sent to a 

Tracor-Northern multiscaler (Fig. 2.4). In order to get physically significant data, the 

data are normalized to the number of incident particles. This is done by stepping both 

the spectrometer wavelength drive and the multiscaler channel simultaneously when a 

fixed amount of charge is collected by the Faraday Cup. However, if the beam is not 

stable, the time which it takes to collect the charge will be different for each point. The 

background is time-independent and therefore the background contribution is propor

tional to the collection time for each point. That time, hence the background counts, 

can fluctuate greatly if the beam current is not stable. The effect of this was lessened by 

a cut-off circuit which stops the recording system when the beam current drops below a 

set value. This improves the accuracy of the results. 

When a run for some wavelength range is over, the output of the multiscaler 

is sent into a IBM-type computer for analysis of the data. The output data consist of 

counts (relative intensity) as a function of wavelength. 
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2 MV Van De Graaff linear accelerator 

ion source 

gas cell 

slit control 
system Faraday Cup magnetic analyzer. 

Figure 2.1: The experimental arrangement, which contains a 2 MV Van De Graaff linear 
accelerator, magnet chamber, control slits, target chamber, Faraday cup, spectrometer 
and photomultiplier. Not to scale. 
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CHAPTER 3 

RESULTS AND DISCUSSION 

3.1 Experimental Diffficuties 

The spectrum of COi excited by 1 MeV in the UV-VIS region is dominated by 

molecular bands. However, one sees weak atomic lines from neutral oxygen, single-

ionized oxygen, neutral carbon, and singly- ionized carbon. This gives indications that 

the collision process can break CO2 apart. This is discussed in greater detail below. 

The spectrum was taken from 450 nm to 900 nm (Figs. 3.1 - 3.9). The resolution 

over this region using a 100 fi slit width is about 0.06 nm. Studies of individual features, 

such as atomic lines, are resolved more by using 25 yiim/10 mm (this means the slit widths 

are 25 /xm, and the height of the entrance slit is 10 mm) or 30 /xm/10 mm slits. This gives 

an instrumental line width of 0.02 nm, which is a few orders of magnitude better than 

used by others [4, 16, 17]. The limitations on resolution are not from the spectrometer, 

but arise because the beam current is too low to produce a bright signal. Wide slits 

are therefore required to get a signal that's significantly above background. This leads 

to problems, as the beam current is unstable. Therefore, the intensity per datum point 

is measured for a constant amount of collected charge. The number of particles going 

through the target per point is constant. Unfortunately, the total charge collected is not 

the same as that from the incident beam, due to charge-changing interactions with the 

CO2 target, so absolute intensity or cross-section measurements are unattainable. The 

noise is time-independent and fluctuations in beam current cause different time periods 

for each point. To minimize the background fluctuations, a cut-out circuit stops data 

acquisition when the current drops below 50% of its maximum value. This causes the 
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effective time per point to be approximately constant. 

There might have been a small amount of oxygen contained in the CO2 bottle, 

since we do see some of the same 0 I transition in both experiments. However, we 

observed different 0 II transitions for the two gases, so we can conclude that the 0 I 

and 0 II lines are from the dissociation of CO2, and not from oxygen contamination. 

3.2 Data Analysis 

The interaction between the incident beam and target gas is complicated. There are 

charge-changing events and energy transfer between the incident ion and target gas. 

There is no sign of H Balmer lines in the entire spectrum. There are two possible 

interpretations for this phenomenon. One is that each incident particle breaks into 3 

protons after it interacts with target gas. People who use protons as the incident particle 

report the present of Balmer lines, which suggests that protons capture electrons in the 

target chamber in their experiment. The other possibility is that there is no breakage 

of H$, which is more probable since the H Balmer lines are absent in our studies of O2 

[27, 25], and N2 [26]. 

In molecular bands, the electronic energy shift in a transition is also accompanied 

by vibrational and rotational energy shifts. These come from the interaction of the 

atoms of a molecule with each other. These shifts axe generally small compared to the 

electronic transitions [13] (Fig. 3.10), so the molecular band spectra are always hard to 

resolve compared to atomic spectra. It is not necessary that all three forms of energy be 

present at the same wavelength. The pure rotational bands could be found, for example, 

in the far infrared region. 

The CO2 A-X system (Tables 3.1, 3.2) contributes the main features in the 

spectrum. The A-X system shows the strongest intensity. We observed it in both 1st 

and 2nd orders. This system was identified according to the wavelength and relative 

intensity as found in the literature [5, 6, 9, 10, 11, 12, 14, 16, 17, 18, 19]. Also, the 



longer wavelength side of each band shows the comet-tail structure which results from 

rotational transitions. The B-X system [2, 3, 4, 7](Table 3.2) for which the band heads 

are at around 280 nm were isolated from other features. In 1st order (Fig.3.15), this 

system has a very narrow line width but in 2nd order (Fig.3.16), it shows a broad range 

of spectra. High resolution studies for these molecular bands were made in 3rd order 

(Fig. 3.18). 

We did most of our study in 2nd order because the linear dispersion of the 

spectrometer is double that of 1st order. This gives better resolution as the instrumental 

line width stays the same. Also the grating blaze of the spectrometer enhances the 

images in 2nd order. But increasing the order of studying might have the disadvantage 

of overlapping orders. For example, there are many possible lines from neutral carbon 

and singly ionized oxygen in 2nd order in the region of 864 nm to 866 nm and 868 nm 

to 870 nm. Unfortunately, these regions overlap with the 3rd order image of the CO2 

B-X system. . 

The strong monatomic lines, such as the transition of 3s5S° — 3p5P from O I 

(Table 3.3) at around 777 nm (Fig. 3.19), show all the transitions in this triplet. These 

lines also have very narrow widths (about 0.04 nm) and symmetric shapes. The triplet 

transitions of 3p5P — 4dsD° at 615 nm (Fig. 3.20) are weak, but they were isolated from 

other features. A high resolution study shows all the lines from this transition. 

The singlet transition of C I at 505 nm (Fig. 3.21) has a small yield. However, 

with 30/zm/10 mm slits we obtained a half width about 0.035 nm. The narrow half-width 

confirmed that the line is from the transition 3s1 P° - 4p1D°. The other high-resolution 

study of neutral carbon line is at 426.9 nm in 2nd order (Fig. 3.22). There are other 

possible carbon lines in other regions, also with small yield (Table 3.4). Some of the 

lines are blended with other structures. These two singlets were the only isolated neutral 

carbon lines that were clearly seen in our high-resolution study. Another high-resolution 

study was made of the doublet 3d 2D—4f 2F° (Fig. 3.22) from the singly-ionized carbon 

atom. Unfortunately,'the wavelength differences are only 0.025nm, which is beyond the 
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resolution limitation of our spectrometer. However, we can see that the line shape is 

not smooth and the half width is broader than for the other C I line in the same figure, 

indicating that overlapping lines are present. The only C II transition seen in our data 

is the doublet 3s 25 — 3p 2P° at 657.8 nm and 658.3 nm. 

The line near 783.1 nm (Fig. 3.23) shows a broad half-width. Here there are 

several possible C I and C II lines in 1st and 2nd order. Also, there is CO2 molecular 

structure [15] at this wavelength. Under high resolution (Fig. 3.24), this region shows 

molecular-like rotational structure. After compared with N2 data [26], it is suspected to 

be from the contamination of N2 in CO2 gas. 

When the monatomic lines blend with each other, the line shape is due to the su

perposition of these lines. The line shape might not be symmetric under high resolution, 

and the spectrometer might not be able to resolve lines which are too close together. Es

pecially when the yield of atomic lines was barely above the back ground, and the beam 

intensity was weak, high resolution work was inefficient. We need many comparisons to 

identify those lines. If all the lines due to the same transition are present in our data, 

and the relative intensities of these lines are the same as in the literature [20], it is rea

sonable to call this transition observed. Also, selection rules suggest that if the angular 

momentum of a transition and the j number change in the same direction, the transition 

has higher yield than that which has opposite changes of those numbers. According to 

this, if only the higher yield transition was observed, and the others were absent, it is 

still possible that we observed this transition. There is the region between 890 nm to 900 

nm (Fig. 3.25), in which there are many possible 0 II (Table 3.5) and C I (Table 3.4) in 

2nd order. Although those peaks were symmetric, the yields were small and made high-

resolution studies impractical. However, if the expected lines appeared for all members 

of the transition with the expected relative intensity, we concluded that they were indeed 

part of our spectrum. For example, the transitions of 2p3 3D° — 5/ D (2 1/2) from C I 

at 446.4 nm are all present in our data. This verifies that we detected this multiplet. 



•24 

It is difficult to identify monatomic lines when they blend with molecular fea

tures. For example, the significant peak at 409.7 nm might come from 3d 4F - 4/ 4G°; 

the other line from the same transition at 408.7 also appear, but the other lines are in 

a the region that has strong molecular structures, so that the complete transition array 

could not be recognized. The same situation occurs with the transition 3p iP° — 3d 4D 

from 0 II. 

3.3 Comparision with Oxygen Experiment 

An atomic spectrum is due to transitions as an electron goes from higher to lower energy 

levels. All the atomic lines have a very small intrinsic line width due to radiation damping 

(natural broadening). Under the highest spectroscopic resolution, atomic lines should 

have half-widths close to the instrumental line width, which in our case would be 0.02 

nm with 30 fj.m/10 mm slit width. Atomic lines have a symmetric shape. All the 

atomic lines in our experiment were found to have half widths wider than 0.03 nm. This 

extra broadening is from the random motion of atoms (Doppler broadening). If after the 

collision the particles move toward to the observing instrument the wavelength decreases, 

and when particle moves away from the observing instrument the wavelength increases. 

The increasing wavelength is called the red shift. This is the main source of the line 

broadening. The target pressure has a negligible effect on the line width. 

The strongest oxygen lines in oxygen gas [27,25] are from the triplet 3s35° -3p3P 

(Fig. 3.26), 3s5S° - 3p5P (Fig. 3.27) and 3p5P - 4d5D° (Fig. 3.28) in O I. They also 

appear in the CO2 experiment. However, the relative intensities of the 01 lines are much 

smaller with CO2 than with O2 as target gas. The triplet transition 3s35° - 3p3P at 

844.6 nm couldn't be resolved since the two lines on the short wavelength side are only 

0.001 nm apart [20]. With the O2 target, we resolved the longest wavelength from the 

other two, using 30 /mi/10 mm and 25 fim/10 mm (Fig. 3.26) slit widths. In the CO2 

experiment, these triplet lines are totally unresolved with 25 micron slits(Fig. 3.29), but, 

using 15 micron slits (Fig. 3.30), we see a distribution similar to that in the O2 run 



(Fig. 3.30). That might because the atoms from the breakup of CO2 after collision with 

the incident beam have more energy than an atom from the O2 target. Also, the force 

of disintegration might be much stronger when oxygen atoms break from CO2 gas than 

from O2 gas. It might be the reason for more Doppler broadening in CO2 than Oi- We 

also compared the line widths of other neutral oxygen lines. The line widths of other 

neutral oxygen lines from the CO2 target show more broadening than from the 02 target. 

The triplet of 3555° — 3p5P is well resolved in both CO2 (Fig. 3.19) and O2 (Fig- 3.26) 

runs. The triplet lines are symmetric. They have half widths about 0.033 nm in O2 runs 

and 0.041 nm in CO2 runs with the same instrumental line width. 

The shortest and the longest wavelengths of the triplet of 3p5P—4d5D° transition 

show much broader line width than the other one one from the same transition. Also 

the short wavelength one shows asymmetry in both CO2 (Fig. 3.20) and O2 (Fig. 3.27) 

data. That shows that there is more than one line at these positions. They are not 

from second order lines, since the same broadening and asymmetry occure with a filter 

in place (Fig. 3.31). That cuts out all lines below 500 nm in wavelength. 

There are a few singly ionized oxygen lines seen both in first and second order 

with significant yield. The list of 0 II lines seen in the 02 experiment (Table 3.6) shows 

little overlap with the list in CO2 experiment (Table 3.5), although they all happen to 

have the wavelength range between 400 nm and 450 nm. The excitations of oxygen 

atoms in these two experiments are clearly different. Also there is no sign of some 0 

I transition which occur with O2, but not CO2. The excitation process is somewhat 

different in these two experiments, showing that different energy states are excited, but 

the relative intensities of the lines in a given transition array are the same. This confirms 

that the oxygen lines are not from the contamination of oxygen gas in CO2 gas. 

Since the interaction of the incident and target particle is only coulomb in nature, 

one should not expect any difference in the excitations produced by electron or positive 

ion bombardment. However, spin-exchange events can occur with electron, but not with 

positive ions. One can see that the relative intensity of atomic lines to molecular bands 
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is much smaller compared to electron bombardment [6, 16, 21, 22] and low energy ion 

impact [16, 18, 4]. Also, we fail to detect CO , CO2 and C0+ in our experiment, 

although they appear in the electron bombardment case [21, 22] 
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Figure 3.1: Spectum from CO<i from 450 nm to 500 nm. This region contains possible 
0 I, 0 II, and C I lines. 
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Figure 3.2: Spectrum from CO2 from 500 nm to 550 nm. This region includes one 
isolated C I line at 505 nm and an Hg line from room light at 546 nm. 
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Figure 3.3: Spectrum firom CO2 from 550 nm to 600 nm. This region includes a band 
from the CO $ B-X system seen in 2nd order 
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Figure 3.4: Spectrum, from COi from 600 nm to 650 nm. This region includes a triplet 
from neutral oxygen at 615 nm and a band from the CO^ A-X comet tail system near 
310 nm (in 2nd order). The yield is much smaller than that of the other CO^ emission 
features (Fig. 3.11 - Fig. 3.14). 
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Figure 3.5: Spectrum from COi from 650 nm to 700 nm. This region includes the band 
from the CO^ A-X comet tail system near 325 nm and 335nm (in 2nd order) 
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Figure 3.6: Spectrum from CO2 from 700 nm to 750 nm. This region includes bands 
from the CO2 comet tail system near 350 nm and 365 nm (in 2nd order). 
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Figure 3.7: Spectrum from CO% from 750 nm to 800 nm. This region includes a triplet 
from neutral oxygen at 777 nm and bands from the CO2 comet tail system near 385 nm 
(in 2nd order). 
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Figure 3.8: Spectrum from COi from 800 nm to 850 nm. This region includes a triplet 
from neutral oxygen at 846 nm, possible O II lines (in 2nd order) and a band from the 
CO2 comet tail system near 410 nm (in 2nd order). 
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Figure 3.9: Spectrum from CO2 from 850 nm to 900 nm. This region includes possible 
O I, 0 II, and C I lines. The atomic lines are generally blended, but some have been 
resolved with high resolution (see Fig. 3.22). 
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Figure 3.10: Potential energy curves of the CO£ A, B, and X states relative to the X 
state of C02. 
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Figure 3.11: Strong CO$ comet tail bands, with the band head at 350 nm (in 2nd order) 
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Figure 3.12: Strong CO^ comet tail bands, with, the band head at 366 nm (in 2nd order). 
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Figure 3.13: Strong CO? comet tail bands, with the band head at 384 nm (in 2nd order). 
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Figure 3.14: Strong CO% comet tail bands, with the band head at 410 nm (in 2nd order). 
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Figure 3.15: The CO$ B-X system at 288 nm in 1st order. 
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Figure 3.16: The CO$ B-X system at 288 nm in 2nd order. 
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Figure 3.17: High-resolution scan of the COf B 
to 865.8 nm. 

X system in 3rd order from 864 nm 
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Figure 3.18: High-resolution scan of the CO} B 
to 870.0 nm 

- X system in 3rd order from 868.0 nm 
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Figure 3.19: High-resolution scan of the 0 I transition 3s s5° - 3p 5P at 777 nm. The 
triplet is well resolved and has a line width of about 0.04 nm. 
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Figure 3.20: High-resolution scan of the O I transition 3p 5P — Ad 5D° at 615 nm. The 
1st and 3rd lines in this triplet show more broadening than the 2nd line. There might 
be more than one line at 1st and 3rd positions. 
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Figure 3.21: High-resolution scan of the C I transition 3a 1P° - 4p XD at 505 nm. The 
yi«14 ia barely above the background, but it is isolated from the other structures. 
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Figure 3.22: High-resolution scan of the C I transition 3d 2D — 4/ 2F° at 426.9 nm and 
unresolved C II transitions 3d2D — 4f 2F° at 426.7 nm in 2nd order. 
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Figure 3.23: Spectrum from 780 nm to 800 nm. There is a broad structure at 783 
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Figure 3.24: High-resolution scan of the broad structure at 782.5 nm. The molecular 
structure is from N2 gas contamination in co2 gas. 
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Figoze 3.25: Spectrum from 890 nm to 900 nm. This region includes weak O II and C I 
lines. 
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Figure 3.26: High-resolution scan of oxygen, showing 0 I lines at 846 nm. 
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Figure 3.27: High-resolution, scan of oxygen, showing O I lines at 777 nm. 
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Figure 3.28: High-resolution scan of oxygen, showing O I lines at 615 nm. 
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Figure 3.29: High-resolution of 0 I lines at 846 nm from a CO2 target, using 25/im/10mm 
slits. 
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Figure 3.30: High-resolution of 0 I lines at 846 nm from a CO2 target, using 15/xm/10mm 
slits. 
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Figure 3.31: High-resolution of O I lines at 615 nm from a O3 target, with a iilter in 
place. 
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Table 3.1: List of the band heads of the CO£ comet tail A-X system, observed in both 
1st and 2nd orders. 

Transition Approximate Wavelength (nm) 

A*nu - xmg 313.3 
313.5 
313.6 
313.7 
313.8 
314.1 

a2 nu - x2ug 324.7 
325.5 
326.5 
327.0 

A2 nu - x2ng 337.0 
337.7 
338.8 
339.4 
340.0 
340.2 
340.4 
341.2 
342.7 
344.4 

a2 nu - x2ng 350.3 
351.1 
351.8 
352.8 
353.5 
354.5 
354.9 
356.3 
356.6 
358.0 

a2 nu - x2ng 361.7 
361.8 
361.9 
362.0 
362.1 
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Table 3.2: List of the band heads of CO2 A-X and B-X systems, observed in 1st and 
2nd orders. 

Transition Approximate Wavelength (nm) 

- xmg 363.5 
363.8 
363.9 

a2hu - x2ug 366.3 a2hu - x2ug 

366.9 
367.5 
368.0 
369.2 
369.3 

A2nu - x2u g 374.2 
375.0 
375.7 
376.3 
377.5 

a2tiu -x2n g 384.0 a2tiu -x2n g 

385.3 
385.5 
385.7 
387.2 
390.6 
392.3 
392.9 
394.2 

a2 nu - x2ug 410.9 
411.0 
412.2 
412.4 
414.0 
414.2 
416.1 
417.1 

co^s+-x2n 3/2 288.1 
288.2 
288.3 

COtB2Y,+ - x2n3/2 289.5 COtB2Y,+ - x2n3/2 

289.6 
289.7 



Table 3.3: List of 0 I lines from CO2 target, observed in 1st order. 

Transition j Approximate Wavelength 
(nm) 

3p 5P - 5d 5D° 3-4,3 533.1 weak, blend 
2-3,2 533.0 weak, blend 
1-2,1 532.9 weak, blend 

3p 5P - 4d 5D° 3-4,3,2 615.8 broad 
2-3,2,1 615.6 
1-2,1,0 615.6 broad 

3s 55° - 3p 5P 2-1 777.5 
2-2 777.4 
2-3 777.2 

35 35° - 3p 3P 1-1 844.6 blend 
1-2 844.6 
1-0 844.6 
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Table 3.4: List of 0 II lines from CO2 target, observed in 2nd order. 

Transition j Approximate Wavelength 
(nm) 

3d 4F - 4/ 4G° 7/2 - 7/2 410.9 blend 
7/2 - 9/2 409.7 blend 
5/2 - 5/2 409.6 blend 
5/2 - 7/2 409.5 missing 
9/2 - 11/2 408.9 blend 
3/2 - 5/2 408.7 weak 
5/2 - 7/2 408.3 weak, blend 
7/2 - 9/2 407.1 missing 

3p *P° - 3d 4£> 5/2 - 3/2 412.0 blend 
5/2 - 5/2 412.0 blend 
5/2 - 7/2 411.9 blend 
3/2 - 1/2 410.5 blend 
3/2 - 5/2 410.5 blend 
1/2 - 1/2 410.3 blend 

3p 2P° - 3i 25 3/2 - 1/2 432.8 weak, in 1st order 
1/2 - 1/2 431.9 weak, in 1st order 

3d 4ZJ — 4/ 4G° 5/2 - 7/2 434.4 blend 
. 7/2 - 9/2 433.3 weak 

5/2 - 7/2 433.1 weak 

3s 4P— 3p 4P° 5/2 - 3/2 436.7 weak, in 1st order 
5/2 - 5/2 434.9 weak, in 1st order 
3/2 - 1/2 434.6 weak, in 1st order 
3/2 - 3/2 433.7 weak, in 1st order 

3 s 2 P - 3 p 2 E P  1/2 - 3/2 441.6 blend, weak 
3/2 - 5/2 441.4 blend, weak 

3s'" 6S° — 3p'" 6P 5/2 - 3/2 446.9 blend 
5/2 - 5/2 446.8 blend 
5/2 - 7/2 446.5 weak 

3 d * P - 4 f * E P  1/2 - 3/2 447.6 not seen 
3/2 - 5/2 446.6 blend, weak 
3/2 - 3/2 446.6 blend, weak 

3d' 2P — 4/' 3/2 - 3/2,5/2 448.8 blend, weak 
3/2 - 3/2,5/2 448.8 blend, weak 

1/2 - 3/2 448.8 blend, weak 



62 

Table 3.5: List of C I lines from CO2 target. 

Transition j Approximate Wavelength 
(nm) 

3s 1P° - 5plD 1-2 426.9 in 2nd order 

3p3 3D 0 - 5/ .0(2 1/2) 2-3,2 446.5 weak, blend, in 2nd order 
1-2 446.4 weak, blend, in 2nd order 

3-3,2 446.4 weak , blend, in 2nd order 
2-2,1 446.2 weak, blend, in 2nd order 
1-2,1 446.1 weak, blend, in 2nd order 

3p3 323° - 5/ F(3 1/2) 2-3 447.8 2nd order, blend 
3-4,3 447.7 2nd order, blend 

3s 1i5° - 4p lD 1-2 505.1 weak,1st order 

3s ipo _ 4p 1-1 538.0 weak, 1st order 



Table 3.6: List of 0 II lines from Oo target. 

"Transition Approximate Wavelength 
(nm) 

3s 2P — 3p 2P° 397.3 Seen in 1st and 2nd orders 
3p  4£° - 3d * F  409.3 Seen in 1st and 2nd orders 
3 p  4P° - 3d * D  411.1 Weak in 2nd order 
3p ' 2F° - 3d' 2G 

3d' 2G-if' 2H° 
418.0 Seen in 1st and 2nd orders 3p ' 2F° - 3d' 2G 

3d' 2G-if' 2H° 425.4 
3d 4D — 4/2f 0 427 blend 
3d * D  —  4 F  4F° 427 blend 
3d 4P-4p4£° 428, 429 blend 
3 d  * D - 4 f 4 F °  428, 429 blend 
3  d 2 f - 4 f * F °  428, 429 blend 
3 d ' 2 G - 4 f ' 2 G °  430 
3 d  2 F  —  4 f  2P° 431, 432 blend 
3d 2 F  — A f  4f0 431, 432 blend 
3d4£>-4/4D° 431, 432 blend 
3 d * D  —  4 f  4f° 431, 432 blend 
3 s * P - 3 p * F °  431, 432 blend 
3 d  4P—4/ 2Z5° 431, 432 blend 
3s 4P — 3p *F° 437 blend 
3 p 2 E f i - 3 d 2 D  
3d' 2D-4f' 2f° 

437 blend 3 p 2 E f i - 3 d 2 D  
3d' 2D-4f' 2f° 438 blend 
3 d  2F — 4/ 4G° 
3d 2D —4/ ' 2F° 

437 blend 3 d  2F — 4/ 4G° 
3d 2D —4/ ' 2F° 437 blend 
3 p ' 2 P ° - 4 d 2 P  441 blend 
3 a 2 P - 3 p 2lP 441 blend 
3s ' 2 D - 3 p '  2 F *  459 
3 d  2 D  —  4 f  2F* 460 
3s 4P-3p4D° 464 
3s2P-3p2S° 664 
3d 2P —4p 2P° 667 
3s2P-3p2S° 672 
3p JS° - 3d 2P 339 Seen in second order 
3 d * F - 4 p * L P  690 
3 p '  2p°-4s'  2 D  373 Seen in second order 
3p 45° — 4s 4P 374 Seen in second order 
3 a * P - 3 p * S °  
3 a ' 2 D - 3 p ' 2 F °  

375 Seen in second order 3 a * P - 3 p * S °  
3 a ' 2 D - 3 p ' 2 F °  391 Seen in second order 
z s 2 p - 3 p 2 F °  395 Seen in second order 
3 d 4 F - 4 f * E P  410 Seen in second order 
3 p * P ° - 3 d 2 F  

3p ' 2J< - 3d' 2Z) 
411 Seen in second order 3 p * P ° - 3 d 2 F  

3p ' 2J< - 3d' 2Z) 411 Seen in second order 
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