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Abstract 

i 

A flowing afterglow apparatus was used to study the 

metal fluorescence resulting from the quenching of meta-

stable rare gas states by metal carbonyls. The data from 

the quenching of argon, neon, and helium by iron and nickel 

carbonyl agreed well with a restricted degrees of freedom 

model indicating a concerted bond-breaking dissociation. 

The bimolecular production of fluorescent iron atoms 

from the quenching of metastable argon states, pri-

marily 3P2 , by Fe(C0) 5 was studied in detail. The estimated 

total reaction cross-section was measured by absorption 

techniques to be about 1.6 x lo-ll cm3 molec-1 sec-1 , giving 

a 4 A2 cross-section. 

Andmalously low formation rates for some long-lived 

states of iron were explained by intramultiplet relax-

ation. Of the two possible quenchers, argon and Fe(C0) 5 , 

Fe (CO) 5 was found to have a rate constant for quenching Fe 

states that was at or above the calculated hard-sphere 
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cross-section. The distribution of levels lying less than 

206 cm-1 apart closely matched a Boltzmann distribution. 

Fluorescence of metal states was observed from the 

quenching of the argon metastable states by Cr(C0) 6 , 

Mo(C0) 6 , Co(C0) 3No, and Fe(C 5H5 ) 2 , and from the quenching of 

the helium metastable states by Mn 2 (C0) 10 • 

The reaction chemistry of the iron and nickel metal 

atoms was impractical due to the direct.reaction of reagents 

with the parent carbonyls. No metal compound fluorescence 

was observed for the reagents tried. 

... 
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Chapter I 

Introduction 

A. The flowing afterglow technique. 

When a rare gas is excited in a d. c. discharge of 

around 300 volts, the effect of the perturbation upon the 

atoms is to promote electrons from the ground state config-

uration to many different higher orbits, thus creating a 

flow of atoms with a vast array of excited electronic 

energies. Most of these excited states find lower-lying 

electronic states to which they are connected by selection 

rules~ The rapid relaxation of these states via spontaneous 

fluorescence to lower states, a process occurring on the 

order of tens of nanoseconds, gives the strong and charac-

teristic emissions associated with glow discharges. 

Yet not all states are allowed to relax to the ground 

state. Due to selection rules, some states are in fact 

forbidden to fluoresce to the ground state on the same time 

scale. For the rare gases, the lifetimes of these "meta-

stable" states are theoretically on the order of seconds 

(Stedman and Setser, 1972); however, they have other 

methods of relaxation faster than spontaneous fluorescence 

available to them, such as energy loss through collisions 

with walls and other gaseous species. For example, for the 
i ,, 

argon metastable state at about one torr of total pressure, 

this collisional deactivation is on the~ order of milli-

seconds, so these states are still long-lived when compared 
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to the higher states with allowed transitions. It is 

possible then to allow a period of time to pass such that 

all but the metastable states have relaxed, leaving these 

states as the only excited states. Experimentally, this is 

most easily accomplished by flowing the gas downstream from 

the discharge zone before reagents are introduced. 

For the rare gases, a series of such metastable states 

exists. The ground states of the gases 

responding to a closed outer shell of 

are all 1s 0 , cor

(n)p6 (or ls 2 for 

helium). The first excited states are created by promoting 

an electron from this closed shell to the higher ( n+l) s 

level. For helium, there are two possible states 

produced: the ls and 3 For the heavier rare gases, 0 sl. 

there are four: 1 Pl, and 3 
Po,1,2· With the selection rules 

6.:1 = 0,±1 but J = 0 cannot go to J = 0 1 there are two states 

for each rare gas that are forbidden to relax to the ground 

state: both of the He states, and the the 

states for the others. These metastable states, and their 

energies are listed in Table I. Radon, lying below xenon in 

the periodic table, is also a rare gas, but its use is pre-

eluded due to its expense, its scarcity, and especially its 

radioactive character. 

The method implied by the preceeding discussion is that 

of the flowing afterglow technique. Instead of having a 

rather intractable system for studying collisional energy 

transfer consisting of the introduction of a reactant into 

the discharge zone with its myriad of excited rare gas 

•• 
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states, the reactant is introduced downstream where at most 

only two excited states exist. In addition, these two 

states lie very close in ene~gy to one another and are very 

similar in character. 

energy carrier is the 

For the heavier rare gases, the major 

3 P2 state. Due to the 2J+l degen-

eracy, the state is at least five times more populated than 

the 3P0 state. The 3P2 state is even more favored since it 

also lies lowest in energy of the series of four close-lying 

energy states. This allows the additional conversion of the 

3P0 state to lower states, thus giving it an effectively 

higher quenching rate constant ( Kol ts and Setser, 1978). 

Experimental verification of this will be discussed in 

Chapter III. 

The flowing afterglow technique was pioneered by 

Robertson (Collins and Robertson, 1964; Prince et al., 

1964). Since that time, a great amount of work has been 

done by many groups, owing to the relative experimental 

simplicity of the method and its rich applicability to 

problems of chemical interest. Setser has done extensive 

work in chemical applications and has come out with several 

very useful review articles (Stedman and Setser, 1972; 

Kelts and Setser, 1979). 

With the series of rare gases then, one has a range of 

excitation energies available, a range that is chemically 

significant. The cost of using Xe and Kr can by mitigated 

by seeding a small amount in a flow of argon (Stedman and 

Setser, 1970; Piper et al., 1975). This reduction in cost 
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is due to a very efficient transfer of energy from the 

higher metastable energy of argon to the lower metastable 

energies of xenon and krypton. Even though most of the 

afterglow experiments have used the rare gases and 

especially argon, the method is not 1 imi ted to the rare 

gases. The number of atomic and molecular species which 

have suitably long-lived excited states is quite large 

(Kolts and Setser, 1979). However, the use of molecular 

states, such as the o2 c 1 ~) state, requires the consideration 

of a range of vibrational energies in addition to the elec-

tronic. Also, in comparing to the rare gases, the situation 

is often more complicated due to the possibility of direct 

chemical reaction of the reagent with the parent gas. 

Metastable rare gas atoms are very reactive. They will 

react with essentially everything but lighter rare gas 

atoms. Many reactive channels are open, ranging from 

neutral excitation, dissociation, to ionization. Helium and 

neon energies lie well above the ionization potentials for 

most gaseous species. As a result, ionization channels are 

relatively much more important for helium and neon than for 

argon. Also, with helium, there is potentially some concen-

tration of He+ and He + 2 in the flow (Kolts and Setser, 

1979), so the system is not as clean as it is for argon. 

B. The metal carbonyls. 

It's become a well-worn point to note the importance of 

small metal clusters and their possible applications to 
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problems of catalysis and surface chemistry (e.g. Schaefer, 

1977; Muetterties, 1977; Muetterties et al. , 1979) • In 

addition, metal atoms are very reactive species and should 

provide many interesting gas phase reactions. However, it's 

not the easiest thing in the world to study the spectroscopy 

and interactions of transition metal atoms and clusters in 

the gas phase. This is especially true for the "refractory" 

metals which are extremely high mel ters, existing at room 

temperature as solid chunks with virtually no vapor 

pressure; this class includes most of the transition 

metals. To get even 1 micron of vapor pressure for most of 

these metals requires heating to over 1300K (Klabunde, 

198 0) • 

Most methods that do exist for the production of metal 

vapor are not very selective as to energy or cluster size. 

Methods using techniques such as high temperature furnaces 

are able to produce sufficient concentrations ~or study, but 

with a large variation in the energy of the atoms and mole

cules and an unspecified distribution of molecular size, and 

the necessity of working at high temperatures introduces its 

own unique challenges. With the advent of lasers, more 

flexibility exists in methods of metal atom production, with 

some methods using the sheer concentrated power of pulsed 

laser beams to literally blast parts of a metal target into 

the gas phase (Dietz et al., 1981). Unpublished results 

from the same group suggest that clusters of iron atoms in 

the range of 10-30 atoms have been produced in a laser 
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photolysis of a beam of iron carbonyl. 

An alternate approach toward gas phase metal production 

is to take advantage of the physical properties of organo-

metallic compounds. That is, some organometallic compounds 

are sufficiently volatile that the metal can be tricked into 

the gas phase at near room temperature. Once there, in one 

way or another, the bonds with the surrounding ligands are 

broken to produce metal atoms, or perhaps finite metal 

clusters for organometallic compounds containing two or more 

metal atoms; however, the metal-metal bonds are generally 

weaker than the metal-1 igand bonds, so it's not clear that 

cluster production is possible. 

A class of compounds which springs to mind are the 

metal carbonyls, a class comprised of one. or more metal 

atoms encapsulated among ligands of CO molecules. They owe 

their collective existence to the "backbonding" that occurs 

between the metal and the CO's, a process so favored that 

carbonyl production for some is as simple as passing a flow 

of carbon monoxide over the finely-divided metal. The 

typical ligand-type forward bond involving the contribution 

of the carbon lone pair of the CO to form a a-type bond with 

the metal is not sufficiently strong to explain carbonyl 

stability since CO is a very poor base. The extra stability 

occurs from the additional back donation of some of the d 

orbital population of the metal to form a n-type bond with 

an empty CO antibonding orbital. 

Many of the carbonyls are very volatile. Fe(C0) 5 and 

• 1o;-'\ 
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Ni(C0) 4 are both volatile liquids whereas many of the other 

mononuclear carbonyls are volatile and easily sublimable 

solids. Polynuclear metal carbonyls, such as Fe 2 (C0) 9 and 

Mn 2 (C0) 10 , are generally less volatile solids, but still 

with more vapor pressure than the metal and often suf-

ficiently volatile to get an adequate concentration in the 

gas phase, especially when the pressure is boosted with 

heating. Many of the carbonyls decompose easily with 

heating; in fact, in our laboratory, pyrolysis turned out 

to be a very useful and easy way of disposing of extra 

Fe(C0) 5 ; 

1982). 

only very durable iron crystals remained (Hor~k, 

The physical properties of the carbonyls are not 

extremely well-documented and the information that does 

exist is very scattered. An incomplete compendium giving a 

taste of the physical properties for some of the smaller 

carbonyls is listed in Table II. The list could be made a 

lot longer by considering similar classes of organometallic 

compounds; that is, a whole classes of compounds exist 

containing a mixture of CO and other ligands such as NO, 

alkanes, and the cyclopentadienyl moiety, c5H5 • The table 

of just carbonyls gives an indication of the variety of 

compounds that exist. The structures of some of these 

carbonyls are shown in Figure 1-1. 1 

Also not well-documented are the toxicities of the 

1The references used for Table II and Figure 1-1: 
Stone (1969); Cotton and Wilkinson (1972); 
(1973); and the 1982 Alfa Catalog. 

Abel and 
Lagowski 



catbonyls. 

release of 

moderately 

Always 

carbon 

toxic. 

present 

monoxide 

However, 

is the hazard of 

molecules. Iron 

nickel carbonyl, 

8 

the possible 

carbonyl is 

one of the 

original suspects in Legionnaire's Disease, is rated 

dangerous in the part per billion range and is very 

difficult to handle safely due to its high volatility and 

its heaviness which makes it hard to exhaust. Its effects 

can be either acute from the combined effects of CO and 

nickel on the system, or, more slowly, it can be a long-term 

cancer risk. For these reasons, Ni (CO) 4 was not used as 

extensively as was Fe(C0) 5 • When it was used, it was used 

in very low amounts and vented from the pump into an exhaust 

system. 

c. What's been done to Fe(C0) 5 • 

It's been known for some time that iron atoms can be 

produced from the flash photolysis of iron carbonyl. With 

the large amount of energy available in such a method, it's 

not surprising that atoms would be the result. However, 

it's not obvious that if one were to feed lesser amounts of 

energy into the carbonyl, 

order of, the total bond 

still greater than, but on the 

energy, that there would be an 

avenue toward metal atom production or fluorescence. Iron 

carbonyl is a large enough molecule that, with its many 

available degrees of vibrational and rotational freedom, it 

would be more likely that a great deal of the energy would 

be lost in these modes on a time scale much. faster than 
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spontaneous fluorescence. 

The first indication that the energy might go different 

ways was an afterglow experiment where unexpected metal 

fluorescence was seen from the interaction of active 

nitrogen ( A3l:) with iron and nickel carbonyl (Brennan and 

Kistiakowsky, 1966). In fact, this process was discovered 

accidentally; no Ni (CO) 4 was officially present, but was 

accidentally formed by the interaction of CO at a high 

pressure with a nickel alloy. Not having sufficient energy 

in this nitrogen state to break all of the carbonyl bonds- in 

one step, the metal atom production was explained by a 

stepwise loss of carbonyls from multiple collisions with the 

active nitrogen. 

Next, in our group, using a· flowing afterglow system 

providing metastable rare gas atoms, the interaction of iron 

. * carbonyl w1 th Ar was tested. The very surprising result 

was a strong bluish flame, which was the clean fluorescence 

of excited atomic iron states (Hartman and Winn, 1978). The 

metal atoms were produced in a single step by the process 

* * Ar + Fe(C0) 5 + Ar + Fe + SCO [ 1.1] 

No molecular or CO emission was detected. The bimolecular 

nature was established by comparing the pressure dependence 

of the metal fluorescence to the pressure dependence of 

nitrogen fluorescence produced in a process known to be 

bimolecular with Ar*. The bimolecular nature ha~ since been 

confirmed by molecular beam studies (Snyder et al., 198 0; 
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Krenos and Kobovitch, 1981). 

Subsequently, similar metal atom fluorescence has been 

seen with both iron and nickel carbonyl from collisions from 

metastable argon, neon, and helium (Hartman, Hollingsworth, 

and Winn, 1980). All spin states of the metal were 

observed. The data was fit to a statistical model, about 

which more will be said in Chapter IV, which suggested 

either a concerted, or stepwise, but very fast CO 1 igand 

loss occurring before molecular rearrangement could occur. 

This conclusion is based on the data fitting best to the 

case where no rotation occurred for the carbonyl molecules 

which is characteristic of a concerted loss of all the CO's. 

In addition to this work, this unique pathway to metal 

atoms and ions, as well ·as to the more expected carbonyl 

fragments, has been observed from iron and some other 

carbonyls, from methods including multiphoton excitation 

(Engelking, 1980; Duncan et al., 1979; Karny et al., 1978), 

vacuum ultraviolet photon photolysis in a bulb (Hellner et 

al., 1979, 1981) or in a beam (Hor~k, 1982; Hor~k and Winn, 

to be published), and recent work in our laboratory has 

shown that electron impact also yields iron fluorescence. 1 

These different methods produce different spin states 

with only our collisional excitation apparently producing 

all possible multiplicities of iron, ranging from the 

singlet through the septet levels. Multiphoton excitation 

yields only triplets and quintets, whereas single VUV and 

1This work was done by Brian Hale. 

-..1:-\ 

'•' 

~-
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preliminary results from the electron impact work show that 

only the quintet states are produced. As of yet, there is 

no satisfactory theory for differences in the dissociation 

mechanisms which explains the different combinations of spin 

productions. 

In the current work, more work into the nature of the 

* Ar + Fe (CO) 5 reaction is presented and more analysis has 

been done for some of the systems previously studied. In 

addition, new spectra have been obtained with some other 

carbonyls. 

0 
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Chapter II 

Experimental 

13 

As discussed in Chapter I, the basic experimental 

method employed was that of a flowing afterglow apparatus, 

as modeled after Setser's basic de~ign (Stedman and Setser, 

1972). A schematic view of the apparatus is given in Figure 

2-1. The major part of the apparatus consisted of a stain~ 

less steel chamber with ports arranged on all four sides and 

the top as well. A chamber containing a resistively-heated 

oven was situated directly below for use with reagents 

having low vapor pressures at room temperature; the oven 

was not used for these studies and was closed off. A Welch 

mechanical pump Model 1375 pumped the whole apparatus. Its 

pumping .speed of 1000 liters per minute translated into a 

measured gas flow of 7.3 x 103 em sec-1 at 1 torr of argon. 

The ports could assume various functions. The one 

facing the monochromator was fitted with a window in order 

to feed the reaction chemiluminescence to the monochromator 

entrance slit. The upstream port admitted the discharge 

tube into the chamber with a cajon-coupling connection. The 

downstream port coupled to a foreline leading to the pump. 

The top port and the remaining side port (opposite the 

window to the" monochromator) at various times admitted 

reagent ( s) , introduced lamp radiation through a window for 

absorption experiments, or were blanked off when not in use. 

The system pressure was monitored by an MKS Baratron 

type 170M-6B capacitance manometer attached to the pump 
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foreline. Its output of 0-10 volts d.c .. gave directly 

relative pressures in the range of 0.0001 to 1 torr (or 0.1 

to 1000 microns). The reference side of the pressure head 

was pumped continuously with a small Welch mechanical pump 

Model 1400. With this arrangement, background variation of 

the zero pressure value was quite small. 

The experiment consisted of the following basic steps: 

A) Production of the metastable state. 

B) Introduction of reagent(s}. 

C) Observation of product fluorescence. 

D) Data storage and manipulation. 

Each part will be discussed separately beginning with: 

A. Metastable production. 

The rare gases were available through campus supplies 

with high purity. Some background gases, such as H2o, were 

removed by passing the flow through a liquid nitrogen-cooled 

trap. Molecular sieve was at various times used in the 

trap, but the concentration of the metastable state was 

relatively unaffected by its use. A titanium oven was 

briefly inserted in the line before the trap to remove N2 by 

adsorption, but the constriction it caused in the flow rate 

made it impractical. 

The gas was excited in a d.c. electric discharge of 

around 275 volts with the negative electrode lying 

upstream. Metastable production was relatively insensitive 

to voltage change in this range. It was more sensitive 
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however to the resistance maintained with a potentiometer in 

series with the d. c. power supply; the resistance was set 

to maximize the metastable concentration, and resulted in 

currents on the order of 1 milliamp. 

Making discharge tubes remains, at least for me, a very 

qualitative science, and somewhat akin to building a ship in 

a bottle. Glass of 0.75 inches o.d. was used. As discussed 

by Kolts and Setser (1978), diffusion of the metastable 

state to the walls, where metastable quenching is 

efficient, is governed by the diameter of the tube. 

very 

The 

larger the diameter of the tube is, the less is the concen

tration loss. However, an attendantly greater pumping speed 

would be required. Tubes of 0.75 inches o.d. worked well 

with argon; since helium and neon are lighter, and thus 

faster diffusers, this size tube was less efficient for 

their metastable productions. 

Holes were blown in the glass tube through which 

electrodes were fed and epoxied. The electrode material was 

0.004 inch tantalum foil spot-welded to steel wire. Various 

electrode shapes were tried with the idea. being to maximize 

the volume for which the electric field would be high 

without greatly increasing gas turbulence. The design which 

worked best had both electrodes being 2.5 em long cylinders, 

roughly 1 em in diameter and 1 em apart at closest points. 

For argon, the discharge was sustainable from about 

0.15 torr on up to past 3 torr. Most of the work was done 

at 1 torr of pressure where the metastable concentration was 
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highest. The relative concentrations of metastable argon as 

a function of total argon pressure are shown in Figure 2-

2. The absolute metastable concentration was measured using 

atomic absorption and the results are discussed in Chapter 

III. 

B. Introduction of reagent(s). 

In most cases, the reagent was introduced through the 

port directly opposite the window to the monochromator so 

that all product fluorescence would be detected by the mono

chromator. The capability existed though to introduce the 

reagent further upstream so that only unexcited products 

would be present by the time the flow reached the viewing 

region. The fluorescence took the form of a hollow cone, 

corresponding to the mixing interaction between the incoming 

stream of argon and the carbonyl from the side. In the 

extreme of highest pressure of the carbonyl (about 20 to 30 

microns) and low argon pressure, the flame was short and 

sharply defined. In the other extreme of very low carbonyl 

pressure (less than 1 micron), the flame was more diffuse, 

appearing as a broad band with no end visible. 

Liquids such as Ni(C0) 4 and Fe(C0) 5 were contained in a 

metal cylinder connected to the chamber through a valve and 

0. 25 inch steel tubing. Both of these carbonyls were so 

volatile that constriction was necessary to result in a 

sufficiently low pressure. However, due to the much lower 

vapor pressures of the solid carbonyls, similar arrangements 

_:', 
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were not successful in producing sufficiently high pressures 

for them. Attempts at heating the cylinder slightly by 

wrapping it in heating tape resulted in clogging due to 

deposition of the carbonyl in the valve where less efficient 

' heating and greater constriction occurred. Using the oven 

below was not successful since the large volume of the oven 

chamber caused the small amount of the carbonyl to be too 

widely dispersed. 

Finally, good results were obtained by designing a 

glass tube of 0. 5 inches o. d. which was fed directly into 

the chamber via a cajon-coupling connection. Without a 

valve in the 1 ine and with the wider tubing, the sample 

could be more efficiently pumped and, in addition, heating 

was easier. Sufficient pressure in most cases resulted with 

only gentle heating from a variac-controlled heating tape 

wrapped· around the glass tube. But without a valve in the 

line, there was little control over. the pressure admitted 

into the chamber, other than by increasing or decreasing the 

amount of heating. 

Pressure values were read using the baratron. For the 

pressure studies of Chapters III and V, accurate values of 

both the carbonyl and argon pressures were necessary. 

However, there was roughly a factor of 100 to 1000 

difference between the two pressures. This made direct 

combined pressure monitoring of both pressures impossible 

except for the higher pressures of the carbonyl. The only 

recourse was to measure the carbonyl flow separately. It 
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was not a good assumption though that this would be the 

pressure of the carbonyl when added on to a flow of argon 

1000 times greater. The real pressure would be lower since 

the carbonyl would . be trying to effuse into a viscous flow .:-, 

of argon. In addition, the effective pumping speed of the 

pump would be less with a large flow of argon present. It 

was necessary then to make measurements of the carbonyl with 

and without argon present for larger pressures where the 

combined measurement was possible. This calibration was 

used to extrapolate to the lower pressures of carbonyl 

measured directly with no argon present. 

Some common background gases are unfortunately 

efficient quenchers of the metastable gases used, due to the 

resonant energy transfer between the metastable and at least 

one energy level of the gas. The most troublesome for Ar 

was transfer to the N 2 ( c3 IIu) level which resulted in the N2 

( C 3 II ~B 3 II ) u g transition which gave strong band heads at 337 

nm, 358 nm, and 381 nm. In addition, background H2o would 

lead to the OH ( A2 l:+ +X 2 IIi) band appearing strongest around 

3 0 0 to 315 nm. 

strong band system appearing strongest at 392 nm. 

The problem with these band systems was that first, it 

was impossible to eliminate all of the nitrogen and the 

water, and second, the quenching resulted in- the lessening 

of the metastable concentration. Most importantly though, 

the rather wide bands were in the region where atomic metal 

lines frequently appear, thus making identification of these 
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states hard and intensity assignment difficult for the lines 

that could be assigned. The only good aspect of these back

ground gases was that there was always a quick way to 

monitor relative metastable concentrations through band 

strengt~. Also, it was a good leak-detecting method; that 

is, all one had to do was just twiddle and tighten the 

various fittings while watching for a reduction in the N2 

band intensity. 

c. Observation of product fluorescence. 

The chemiluminescence from the reaction zone was fed 

through a quartz window into a Jobin-Yvon 1.5 meter·grating 

monochromator, capable of double pass operation. The 

en trance and exit slits were continuously adjustable up to 

1500 microns (1.5 mm). Typical experimental conditions of 

1000 micron slits and single-pass operation gave a 

resolution of about 2 A (0.2 nm). An RCA C31034 photomul

tiplier tube cooled to dry ice temperature was used to 

detect the signal. The wiring diagram used for the photo

multiplier tube is shown in Figure 2-3. At dry ice tem

perature, the dark count was 3 coun:ts per second. Tube 

response was good from 2000 to 8000 A. Hartman (1979) 

conducted a calibration of the relative response of the 

photomultiplier tube versus wavelength with a tungsten-fila

ment incandescent lamp by comparing experimental intensities 

to calculated intensities of a black-body radiator having 

the same temperature as the lamp. The relative response 

\ 
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curve is shown in Figure 2-4. Experimental intensities were 

normalized against this curve to eliminate PMT always 

effects. For wavelengths below 3500 A where the calibration 

was not performed, the approximate relative response was 

obtained by extrapolating from the end of the curve in 

Figure 2-4. Published response curves for this tube 

indicate that the extrapolation used was in reasonable 

agreement with the true tube response. The output from the 

PMT was discriminated and fed into a Nicolet 1710 Signal 

Averager. 

The two basic experiments consisted of either scanning 

the monochromator versus wavelength and storing the channels 

in the Nicolet, which had 4096 channels available, or 

averaging the intensity at a particular wavelength. For 

data averaging, the Nicolet had excellent capabilities for 

integrating and thoroughly manipulating the data. Thus, it 

was easiest to work up the data in the Nicolet and simply 

write down the averaged value. 

For the scanning experiment, the usual scanning speed 

was 50 A per minute with a 1 second per channel collection 

rate, corresponding to 0.83 A per channel. This signal was 

output from the Nicolet in RS232C serial peripheral form of 

a sequential train of characters. The signal went at a baud 

rate of 300 characters per second to a TNW RS232C/IEEE-488 

converter controlled by a Commodore PET 32K microcomputer; 

this slow baud rate was necessitated by the relatively slow 

way in which BASIC works. The final IEEE format was 

. ,., 



21 

compatible with and fed into the PET for eventual storage 

and manipulation. 

An alternate detection system used at various times was 

comprised of a Jarrell-Ash 0.25 meter monochromator, model 

82-410, attached to a Tracor Northern TN-1710 DARSS optical 

multi-channel analyzer system with an intensified detector 

head having a diode arra~ of 1024 channels. With the 

Jarrell-Ash, approximately GOD A could be simultaneously 

monitored. This arrangement lent itself to data averaging 

experiments where a series of closely-spaced peaks could be 

monitored under precisely the same experimental 

conditions. However, the big problem with this set-up was 

the low sensi ti vi ty of the DARSS when compared to the PMT. 

The sensitivity was especially poor below 40DO A, which 

unfortunately was the area where many of the metal lines of 

interest were located. This poor sensitivity was in spite 

of the fact that the detector head was intensified and 

coated with a scintillator to extend its response further 

into the near uv. 

D. Data storage and manipulation. 

A series of programs was created to facilitate the 

handling of the data coming from the scanning experiments. 

They are reproduced in Appendix I. Here, a brief 

description of each program is given. The specifics are 

also in the appendix. Chapter IV deals with the processes 

they concern in more detail. 
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1) "LINE DATA". (not 1 is ted in the Appendix) This 

program helped make a little less tedious the compilation of 

the 1 ines from the strongest transitions arising from the 

various energy levels of different metal atoms. It 

calculated state lifetimes, printed out the strongest lines 

arranged by energy level or by wavelength, and stored the 

data file on a PET disk for later use. 

2) "NICOLET+PET". The program first controlled data 

acquisition from the TNW interface and the Nicolet. It then 

stored the data on disk. 

3) "DATA PROCESS". This program, the nerve center of 

the whole operation, first read in the channel data from the 

disk, found the limits of intensities, scaled the data, and 

formatted a plot to the Hewlett Packard 7245A Plotter 

Printer, giving the wavelength plots that are seen later in 

Chapter VI; it had replotting and rescaling capabilities. 

Then it found all peaks in the data over a specified cutoff 

value, printed and stored them. It could correct for the 

PMT efficiency (Figure 2-4), could least squares fit the 

strongest lines to known wavelengths, and could accept real 

values of wavelengths. An assigned, intensity-corrected set 

of peaks was the result and was stored on the disk. 

4) "P & R PLOTTER". This program took the corrected and 

assigned 1 ine data from the disk or from the user, loaded 

the requested metal line file as compiled by LINE DATA and 

calculated the steady-state populations and relative for

mation rates for the various energy . states of the metal; 

... 
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for details, see Chapters IV and VI. For the population 

plot, it could perform a least squares fit for all or part 

of the data, draw the best line and print the temperature to 

which the distribution corresponded. For the rate plot, all 

or part of the data could be fit with either linear least 

squares analysis to determine the power dependence, or fit 

using a non-linear least squares method to determine the 

best value for the available energy; the least squares 

curve could then be plotted on the graph. The population 

and rate data were stored on the disk. 
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Figure 2-1. The flowing afterglow apparatus. 



., 
/ 
' 

':{ 

; 
. :~ 

., .... "\· 

+D.C. 

I 0~ 
-=- Port 

3 

Trap 

Photomultiplier I 
Discriminator 

RS 232 
Compatible 

Signal 

~ol~ 

/ 

~I~ \ '\. ~ " • . RS 232/ 
t " IEEE 488 

Converter 
t=l . 

J-Y 
Monochromator 

Nicolet Signal 
Averager 

~Eru~· • 
PET F loppy Disk 

~ 
HP Plotter 

AE488 
patible 

gnal 

XBL 8210-2755 

N 
1.11 



m 
I 

0 
X 

f'() 
I 

E 
u .. 
~ 

* "-
<{ 

L--.1 ... 
c 
Q) 
"-
0 
a. 
a. 

<{ 

26 

I .8 

811.5 nm 
I .6 Absorption 

I .4 

I .2 

I .0 

0.8 

0.6~--~--~----~--~--~--~ 
0 0.2 0.4 0.6 0.8 

P (A r) , torr 
1.0 1.2 

XBL 7910-12390 
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The dynode chain wiring used for the PMT 
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Figure 2-4. Relative response of the photomultiplier tube. 
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Chapter III 

Absorption Experiments 
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Atomic absorption was used to determine several 

things. First, metastable concentrations for both of the 

metastable states of argon were determined. Second, the 

total bimolecular rate constant for the process Ar * ( 3P2 ) + 

Fe(C0) 5 was determined through the monitoring of the signal 

absorption of an argon line emanating from this state for a 

series of pressures of Fe(C0) 5 and argon, and then comparing 

to a series of pressures for the reaction of argon with 

krypton since the rate constant for the reaction Ar*(3P 2 ) + 

Kr is known (Gundel et al., 1976). 

An Oriel Ar spectral lamp provided a strong source of 

argon lines. The experiment to determine the 3P2 metastable 

concentration had been done before, but with all the lamp 

radiation impinging upon the gas flow while absorption of 

only one particular line was monitored. This method could 

not rule out the possibility of other lines inducing pro

cesses which could affect the metastable state population. 

This time, a Jarrell-Ash monochromator was inserted between 

the lamp and the chamber; by acting like a narrow bandpass 

filter, the monochromator ensured that the line being 

monitored was also the only one interacting. 

A. Metastable concentrations of argon 3P2 and 3P0 • 

Atomic absorption can give a good estimate of meta

stable concentration by measuring the degree of attenuation 
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of a line arising from the state as it passes through the 

metastable flow using the basic Beer's law relation: 

* X R_ X [Ar ] [ 3 .1] 

where r 0 is the unattenuated signal in counts per second, 

[Ar*] the number density in cm- 3 of the metastable state, i 

the path length in em through the flow, and Kik the ?bsorp

tion coefficient for the particular line in cm 2 • 

The general form for the absorption coeff ic ien t for a 

Doppler line shape at the line center is (Ivanov, 1973): 

1 ( m l12 
8nl. 5 2RTln2 

[ 3. 2] 

where m is the gas molecular weight, "ik the transition 

frequency in cm- 1 , g i ,k the degeneracies of the lower and 

upper states, Aki the Einstein coefficient for spontaneous 

emission in sec-1, R the gas constant, and T the temperature 

in degrees Kelvin. Substituting in all the constants at 

room temperature for a gas with the mass of argon yields: 

[3.3] 

This Doppler line shape is a good representation of the true 

line shape as long as the Doppler width ( .... 7 x 10 8 sec-1 ) 

is large compared to the sum of the collisional linewidth 

(small as measured for this lamp pressure) and the natural 

line width, which is approximately Aki/4n. This indicates 
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that the assumption is valid up to an Einstein coefficient 

of about 10 9 , and allows .for all of the transitions of 

argon . 

The Ar 8115.3 A line was chosen to measure the 

concentration. For this transition (93144 - 105463), gi = 

5, gk = 7, 1 -1 vik = 123 9 ern , and Aki = 3. 66 x. 10 7 sec-1 

(Wiese et al., 1969) which gives an absorption rate constant 

The measured attenuation at 1 

torr of argon was I/Io = 0. 74, giving a concentration ·for 

the metastable state of. 2.74 x 10 9 crn- 3 , using an estimated 

path length of 5 ern. 

To measure the 3P 0 concentration, the Ar 7948.2 A line 

(94554 - 107132) was used. The data on this line are gi = 

1, gk = 3, vik = 12578 crn-1, and Aik = 1. 96 x 10 7 sec-1. 

This gives a rate constant of Kik = 2.26 x lo-ll crn2 • With 

the measured attenuation of I/Io = 0.95, the resulting 

~oncentration was 4.54 x 10 8 crn-3. 

As discussed in Chapter I, the 3p0 to 3p 2 state concen

tration ratio is predicted to fall even lower than the 

predicted statistical ratio of 1:5 due to the more efficient 

quenching to other argon states. 

1:6.0 in relative concentration. 

Here, it's found to be 

So the 3p2 metastable 

state is indeed the major carrier, and represents 86% of the 

total metastable population. 

B. Total rate constant for Ar*( 3P2 ) + Fe(C0) 5 • 

With our flowing afterglow apparatus, we could detect 
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only fluorescence, meaning that only the fraction of the 

total reaction rate which produced excited iron atoms that 

fluoresce to lower states was observed. Ground state 

production and molecular ionization were competing channels 

which we could not monitor, so it was useful to measure the 

total rate constant and hence the branching ratio for the 

fluorescent channel. 

Hartman (1979) calculated rate constants for the 

production of the various excited states. This was don~ by 

comparing Fe intensities to the intensities of the Kr 7602 A 

line which comes from a state of Kr whose production rate 

from the reaction of Ar*( 3P2 ) with Kr( 1s0 ) is 

6. 2 x lo-12 cm3 molec-1 sec-1 (Gundel et al., 

known to be 

1976). For 

the lowest observed multiplets of Fe, this gave rate 

constants in the range of 5.0 X lo-13 to s.o X lo-14 cm3 

molec- 1 sec-1 , yielding an estimated total fluorescent rate 

constant of 6 X lo-12 cm3 molec-1 sec-1 (Hartman et al., 

1980). For the collision pair of argon and iron carbonyl at 

300K, the rate constant k and the thermal cross-section 

<<a>> are related by 

<<a>> = 2.29 x 10 11 k [ 3. 4] 

where <<a>> is in A2. This gives an estimated total 

fluorescent cross-section of - 1 A2 • Note that this doesn't 

include the ground state metal production. The total 

ionization cross-section for the same bimolecular process 

using a crossed molecular beam apparatus with an average 



35 

collision energy of about 190 mev was measured to be ~ 20 A2 

(Snyder et al., 1980). This energy corresponds to a 

temperature much higher than room temperature; the average 

collision energy at room temperature for this process would 

be about 40 mev. 

In the current experiment, the argon 8115 A line was 

monitored as described in section A. of this chapter. This 

was done for a series of pressures of argon and iron 

carbonyl as well as for argon and krypton, and the results 

are shown in Figures 3-1 and 3-2. Knowing the total rate 

constant for Ar* ( 3P 2 ) + Kr, then the rate constant for the 

quenching by Fe (CO) 5 could be obtained, as shown in the 

following kinetic scheme. 

With no quenchers present (other than argon itself) at 

* a given pressure of argon, Ar is produced as some rate Kf 

(units of sec-1) and destroyed by quenching with other argon 

atoms at a rate of kd. Then, the steady state equation that , 

pertains is: 

or, 

* d[Ar ] = 0 = 
dt 

* Kf 
[Ar ] = k . 

d 

[ 3. 5] 

[ 3. 6] 

Upon the addition of a given pressure of Kr (or Fe{C0) 5 ) to 

the system, an additional quenching channel is introduced 
r . 

and the metastable concentration is further reduced: 

* d[Ar ] * · 
dt = 0 = Kf - [Ar ] ( kd + kKr[Kr] [ 3. 7] 
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or, 

* [Ar ) [ 3. 8) 

[ 3. 9] 

The only unknown is kd. Once this is determined using data 

from the krypton experiment, the analogous equation for 

Fe(C0) 5 can be solved to determine kFe(C0)
5

• Drawing upon 

eqs. 3.1 and 3. 5, the equation solved for kd in terms of 

experimental observables is: 

[3.10) 
ln (I Ar;r 0 ) 

( ln(IAr+Kr/Io) 
- 1 ) 

where IAr is the intensity of the 8115 line with just the 

metastable flow of argon, and IAr+Kr the intensity with 

krypton added to the flow. With kd determined, the final 

expression for the total rate constant of Fe(C0) 5 is: 

kFe(C0)
5 

= ( - 1 ) [3.11] 

To eliminate possible effects of flame shape upon the 

amount of absorption of the signal, the rate constants were 

determined at similar pressures of Fe (CO) 5 and Kr. Taking 

the average of the rate constant at several different 

pressures gave kFe (CO) 
5 

.... 1. 6 x lo-11 cm3 molec-1 sec-1 , 
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2 which corresponds to a cross-section of - 4 A . The error 

in this value is hard to estimate but it could, potentially, 

be significant. It depends on how well kKr is known, on two 

pressure calibrations for Fe(C0) 5 and Kr flows, and on 

effects of background gases upon total argon absorption. 

These values indicate roughly a 1:3 fluorescent to dark 

channel branching. The value of 20 A2 for the ionization 

channel (Snyder et al., 1980) is significantly higher than 

the value here However, their work was 

performed at a collisional energy greatly higher than 

ours. Initial estimates indicate though that the ionization 

cross-section increases with decreasing collisional energy, 

making the room temperature ionization channel even more 

dominant. However, in a paper dealing with a series of room 

temperature chemi-ionizing reactions from collisions of 

metastable argon, no molecule was found where the ionization 

channel was the dominant one (Golde et al., 198 2) • This 

matter still needs to be resolved. 
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Figure 3-1. Attenuation of the 8115 A Ar line as a function 
of argon pressure at different pressures of iron carbonyl. 
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Figure 3-2. Attenuation of the 8115 A Ar line as a function 
of argon pressure at different pressures of krypton • 
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Chapter IV 

What Metal Transition Intensities Tell You 

It's time to consider in more detail the main experi-

mental observables that come from the steady-state flow 

experiments, namely the metal line intensities arising from 

the unique bimolecular production of metal atom states from 

their collisional excitation with metastable rare gas 

states. In this chapter, the ideas will be developed and 

tested on Fe(C0) 5 and Ni(C0) 4 ; newer results from other 

carbonyls will be presented in the next chapter. 

First, and most obviously, some information is obtained 

from a simple energy accounting. The initial energy input 

* is the specific metastable energy of the rare gas, E • To 

get to a system of metal atoms, all of the metal-carbonyl 

bonds must be broken, requiring a total energy of Eb, the 

so-called energy of disruption in inorganic jargon. The 

remaining energy can go into the production of the f9etal 

excited states. This "available" energy, Ea, can be 

expressed 

[ 4 .1] 

Ea is the maximum energy that can go into the metal atom. 

From observing the highest energy level of the metal formed, 

the experiment gives an upper limit to the total bond energy 

of the carbonyl. For most carbonyls, this value is not very 

well known and an experimental verification of values 
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derived from thermodynamic calculations and assumptions 

would be useful. 

Several reasons exist as to why only an upper limit to 

the total energy is possible. In the first place, some of 

the energy may have gone into other modes such as transla-

tion of the metal atom, and translation, vibration, or 

rotation of the CO molecules. Secondly, there is by no 

means a continuum of metal states available; instead, there 

often is a gap of several 1000 wavenumbers or more between 

states. Thirdly, not all states have transitions in the 

range we are monitoring. And finally, states near the 

thermodynamic limit of energy are generally produced at very 

small rates, and thus would escape detection. Ours is not 

an absolute detection system, and even if these states were 

present, with their very small intensities they would be 

very hard to ascertain, and would not be distinguishable 

from background signal. For more discussion on relative 

rates of formation, see section B. of this chapter. 

Intensity (in counts per second) is the rate of 

emission from a state and is dependent upon both the popu-

* lation of the metal state, [M ] , and the rate at which the 

state can fluoresce to lower states, namely the Einstein A 

coefficient. For a steady-state system, the rate of 

.. formation Kf of a particular state is balanced by the rate 

of loss of all the lines from that state. The rate of 

change in population is 

* d[M ]_ O = 
dt- Kf- I.r. l lU 

[ 4 • 2] 
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[ 4 • 3] 

where Au, the Einstein coefficient for the state as a whole, 

is equal to the sum of all the A's for the particular tran-

sitions for the state, reflecting the relative probabilities 

of these transitions. 

The rate at which the steady-state population for a 

state is reached is obtained by solving the differential 

equation 4.3. With the boundary condition that the initial 

population is zero the solution is: 

* Kf 
[M (t)] IX A (1 

-A t 
- e u ) • [ 4. 4] 

u 

The time required to establish equilibrium is seen to be 

totally dependent upon the transition probability. After a 

time of three times the lifetime of the state has passed, 

3/Au, the population has reached 95% of its steady-state 

value. For even the longest-lived states, with Au ... 104 , 

the steady-state value is reached in milliseconds. 

A. Population and Rate Plots. 

From the discussion above, there is now enough infer-

mation to construct plots of the relative populations and 

formation rates of the excited states of metals produced in 

the bimolecular process. The resulting plots for nickel and 

iron carbonyl springing from collisions with the rare gases 

Ar, Ne, and He have appeared (Hartman, 1979; Hartman et al., 

1980). The data have been reanalyzed here using a refined 
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process and with a slightly different interpretation; the 

resulting plots appear later in this chapter. 

The major difference was in the interpretation of what 

was actually being plotted. The observed intensities result 

from the rate of formation of· a manifold of g degenerate 

states, where g = 2J+l. Although it is valid to consider 

the rate of formation as simply this intensity, this gives 

the rate of formation for a set of states. More fundamen-

tally, the interest is in the production of a given state, 

so the more proper thing to consider as the correct 

formation rate is I/g. Before this was done, the states 

with the highest J values were appearing highest in rate. 

Once the states were normalized to their J values, the 

spread in the data was reduced substantially, permitting 

more precise curve fitting. 

The intensities essentially give you the rat€ of 

formation, but it's the summed intensity from all the 

transitions together emanating from the one energy level 

which gives the formation rate. Thus, the one transition 

obtained experimentally had to be corrected by a branching 

ratio to account for all the other transitions that are 

occurring. The correct rate then is: 

I. Au 
K .,. (~) 

f gu p;-:-lU 
[4.5] 

where Aiu is the transition probability of the observed 

transition and Au, the sum of all the component Aiu's for 

the state, is the transition probability for the whole 
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state. 

To obtain a population plot, all that is needed is a 

* slight reworking of eqs. 4.2 and 4.3. Since [M ] = Iiu/Aiu' 

the correct form of the population plot is 

* I. 1 
[ M ] a: (~)-A- . 

gu iu 
[4.6] 

Since transition probabilities are often listed in data 

tables in terms of oscillator strengths instead of A coef-

ficients, it was more useful to develop equations in terms 

of oscillator strengths. The relationship between Aiu and 

the oscillator strength fiu is (Mavrodineanu and Boiteux, 

1965): 

A. 
lU 

where )., the wavelength of the line, is in A. 

expression for the relative population used was 

* [M ] a: 

[ 4. 7] 

So the 

[ 4. 8] 

For Maxwell-Boltzmann distributions, the temperature is 

a useful concept and is introduced in the definition 

or, 

2 
log ( I~ ) a: 

gu iu 

Eu 
2.3kT 

[ 4. 9] 

[4.10] 

where Eu is the energy of the upper state of the 

········. ··-··-:-·: -:--,~ ~-----·"- .... 

r 
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transition. Since this is the identical formal ism to our 

population plots, we can assign temperatures to the straight 

lines appearing in our plots. A plot of the logarithm of 

this population vs. the energy of the upper state gives 

generally monotonically decreasing curves of the type shown 

in Figure 4-1. 

A great deal of speculation centered on the 

significance of the lines with different temperatures, as 

seen in Figure 4-2. The distributions of different tempera

tures were ascribed to the presence of two different 

mechanisms active in different energy ranges. However, this 

1 ine of reasoning was on the wrong track and in reality, the 

information shown in such a population plot is less 

informative as to formation mechanisms than the rate plot 

previously described. The reason for this is inherent in 

the steady-state process, and can be illustrated by 

considering eq. 4.4. The steady-state limit for the 

population is simply Kf/A. The population then is just the 

rate of formation modulated by the transition probability 

for the state. The population of the state is being 

increased by a non-changing formation rate; assuming that 

no cell isional deactivation is present, the only way that 

the population can be depleted is through spontaneous 

emission. But for a very improbable transition, 'the chances 

of this occurring are very small for a small population, and 

the loss is slow in the beginning. Meanwhile, the 

population continues to build. This continues until the 
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population is high enough that the rate of fluorescence (the 

intensity of the line) can balance the incoming rate of 

production which is still due to the same small probability 

of transition but is now acting upon a much larger pool of 

molecules. For a short-1 ived state, this balance occurs 

much faster, and the steady-state population is consequently 

much lower. 

That the population plot doesn't give any more insight 

on the dynamics of the process of producing metal atom 

states doesn't mean that the plots are not interesting. 

What it does describe is the final population distribution 

that the states of a particular metal ends up having due to 

the production process. One particularly interesting popu

lation distribution is the population inversion that was 

seen for the dissociation of Mo(C0) 6 ; see Chapter VI for 

the full story. That the lowest states usually appear with 

vastly higher populations reflects the fact that the lowest 

metal states are often unable to relax rapidly owing to the 

very few states below them and hence the lesser chance that 

a lower state will be strongly connected to them through 

selection rules. This ends up with the same result as for 

the rare gases and the. basis for the flowing afterglow tech

nique, namely that there are low-lying states of metal atoms 

in the flow which are metastable and are not detected 

through any fluorescence methods. 

I want to express in graphic terms the description of 

how tedious the data preparation could be. What was needed 
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was the branching ratio for a particular transition. A 

listing of state A values along with the A values for 

individual transitions would be precis ely what is needed • 

However, the data are rarely tabulated in such a form. The 

usual table is instead a listing by wavelength of all known 

1 ines for a particular metal. To get. the total list of 

transitions by energy level required scanning all of these 

lines in order that l:A could be calculated. This process 

had to be repeated for each energy level; . the desired 

streamlining of this process was the motivation for the 

program "LINE DATA". For metals such as iron which has 

thousands of known lines over a myriad of levels, the 

compilation of the strongest lines for each level was excru-

tiatingly slow. The problem was most tractable for 

considering only the lowest energy levels, say up to 40,000 

cm-1 • But for helium and neon with their larger available 

energies, one had to go essentially to the dissociation 

limit of the metal to account for all the observed lines. 

In no case was a complete compilation attempted. At worst 

though this neglected only very weak lines and complete 

listings up to 40,000 cm-1 picked up the major lines. 

However, for the testing of the rate theory presented in 

section B. of this chapter, it was necessary to go as high 

as possible to get the widest possible energy range. 

Einstein A values are not known very precisely in most 

cases and are often no better than to 10 to 20 %. This is 

currently the limiting factor in accuracy of the experiment 

,.: .. · 
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and results in a scatter of data which is characteristic of 

population and rate plots. Errors are also introduced if 

not all the lines arising from an energy level are 

compiled. However, most metals have been studied in enough 

detail that the strongest .lines should always be accounted 

for. Generally, more than one line would be observed from a 

particular energy level. This allowed for some averaging 

which resulted in more reliable data and also made the data 

less subject to momentary fluctuations in the flame 

intensity. 

B. The statistical density of states model. 

·That the rate of formation of metal states seemed to 

decline monotonically with the energy of the upper state and 

with no regard to factors such as state symmetry or spin 

multiplicity suggested that a rather simple model could be 

proffered to describe the dissociation process. The hypo

thesis then was that the relative production rate of a metal 

state at an energy Eu above the ground state is the result 

of a purely statistical process and is proportional to the 

total density of states present at the remaining energy of 

Ea-Eu for the active degrees of freedom available in the 

collision complex. This potentially includes translation of 

the metal atom and CO molecules, and rotation and vibration 

of the CO's. There were assumed to be no ionization 

channels open or any electronic excitation of the co 

molecules. 
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This hypothesis already explains the two limits of the 

observed formation rates. For the production of very low

lying metal states, with the limit being ground state 

production itself, a lot of energy will remain to be 

parcelled out among the available degrees of freedom. The 

density of states is very high for this effectively "high 

temperature" region and production is favored. In the other 

extreme of production of a metal state lying very close to 

the thermodynamic limit of energy available, or Ea, then the 

amount of energy remaining to be dispensed with will be very 

small; consequently, since there are relatively few states 

available at this very "low" temperature, the production of 

this state will be vanishingly small in comparison to the 

previous case. 

What remains to be adjusted in this flexible model is 

the number of degrees of freedom for each type of component 

motion open in the dissociation complex. Fitting the data 

to possible combinations relating to different kinds of 

collision processes gives some idea as to the nature of the 

dissociation. The following model will be developed in 

general terms, and will be tested with the specific examples 

of Fe(C0) 5 and Ni(C0) 4 in section c. 

To proceed, a total density of states will be needed,· 

starting from the partition functions describing the 

separate forms of motion of translation, rotation, and 

vibration. That we are discussing a density of states 

rather than a degeneracy of states places us in the semi-
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classical limit of the true quantum mechanical result. This 

approximation is valid as long as the energy considered is 

large. In this semi-classical limit, the partition function 

Q and the density of states p(E) are related by (Forst, 

1971): 

Q = I~ p(E)e-E/kTdE • [4.11] 

Total partition functions are simply the product of 

component partition functions as long as the component 

motions may be considered independent. On the other hand, 

density of states are not simply multiplicative; instead, 

product density of states are obtained through the 

"convolution" of 6omponent densities: 

[4.12] 

This suggests that the easiest procedure is to start with 

component partition functions, obtain the product partition 

function, and then convert to the product density of states 

as the final result. 

The process is even easier due to the fact that an 

entire mathematical method has been developed which deals 

with the manipulation of ·integrals identical in form to eq. 

4.11. The method is the Laplace Transform technique. The 

Laplace transform of a function F(t) in terms of a parameter 

s is defined (e.g. Churchill, 1972): 

~{F(t)} = !~ F(t)e-stdt = f(s) [4.13] 



51 

Upon defining s=l/kT, reminiscent of a very common 

definition hailing from statistical mechanics, the two 

integrals 4.11 and 4.13 become identical in form. Thus the 

following relationship between the partition function and 

the density of states: 

~ { p (E) } = Q ( s) and ~ -l { Q ( s) } = p (E) [4.14] 

The individual partition functions for the various 

forms of motion are, first for translation: 

[4.15] 

where 1 is the length of the container. Since only a 

relative rate of formation is being developed, all multi-

plicative constants will be ignored with impunity. For the 

rotation of a linear molecule in one direction: 

[4.16] 

where I is the moment of inertia. Finally, for a diatomic 

harmonic oscillator in the semi-classical limit, 

kT -1 q =-=s v hv [4.17] 

Later, anharmonicity of CO vibration will be included. 

Therefore, for t degrees of translational freedom 

active, for r linear molecules rotating in one dimension, 

and v active harmonic vibrators, the total partition 

function is: 

[4.18] 
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Q -(t/2+r+v) 
a: s . [4.19] 

One useful Laplace transform is: 

-1 { -n} n-1 L s a: E • [4.20] 

So, for the above harmonic model, 

[ 4. 21] 

where it is to be remembered that E is a shorthand notation 

for Ea-Eu, the energy remaining after a given metal state 

has been produced. 

Now, the anharmonic model will be developed for the 

general case. For the greatly increased difficulty in form 

and the only slight modification in result, the above 

harmonic result is probably the more useful model, 

especially when there . is already a lot of error in the 

data. However, for completeness, the anharmonic model is 

included. 

The anharmonicity of the CO's is introduced empirically 

by fitting the observed CO vibrational energies (Huber and 

Herzberg, 1979) using the form: 

mE 
p (E) a: e • 

v 
[4.22] 

For CO, depending on the range of energy to be fitted, m was 

between the values of 1. 30 x 10-5 and 7. 94 x 10-6 • This 

gives a partition function of: 
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E 1 
qv a: .!! {ern } a: ( s-rn) • [4.23] 

There is no easy solution for the total partition function 

including this vibrational component, so the only recourse 

is to obtain a composite translational~rotational density of 

states and then find the total density of states by using 

convolution, eq. 4.11. So, 

Pt,r(E) a: L-l{(s-t/~)(s-r)} 

a: E ( t/2+r-l) • 

[4.24] 

[4.25] 

Now, for the vibrational partition function for v anharmonic 

vibrators 

P (E) a: L-1{ 1 } a: Ev-lernE • 
v - v (s-rn) 

[4.26] 

The convolution equation describing the total density of 

states is 

= JE
0

P (E-x)pt (x)dx . v ,r [4.27] 

mEJE(E )v-1 -rnx (t/2+r-l)d 
a: e 

0 
-x e x x • [4.28] 

The final approximation is to expand e-rnx in a power 

series, keeping up through the quadratic term: 

2 2 -rnx rn x 
e = (1 - rnx + --4--) - ••• [4.29] 

This introduces an error of about 1 %. From here to the 

solution involves doing many integrals and collecting powers 

of E. Skipping all of this and going directly to the 

result: 
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[ 4. 30] 

where (vjl) represents binomial coefficients and a = 

t/2+r+v-1. Remember that E is shorthand for the energy Ea-

C.Testing the model on Fe(C0) 5 and Ni(C0) 4 . 

Fe and Ni were good candidates for testing the model. 

These metals have many lines in their atomic spectra, which 

allowed for averaging to improve the data. Also, in for-

mation on their energy levels and transitions are among the 

most reliable of all the transition metals. Finally, there 

are also reliable values for the bond strengths of their 

metal-carbonyl bonds, giving one less variable to worry 

about in the rate equation. 

The spectra obtained from the reaction of rare gases 

with iron and nickel carbonyl can be found in Hartman 

(1979). Using the refinement of I/g for the proper inten-

sity of a state, the data were reanalyzed. Several scans 

were redone as a check on the reproducibility of the data, 

and the results were virtually identical to before. The 

attempt was also made to identify as many high-lying states 

as possible. The resulting population plots are shown in 

Figure 4-1 for Fe(C0) 5 and Figure 4-2 for Ni(C0) 4 • The rate 

plots are shown in Figures 4-3 and 4-4; for a discussion of 

the deviation from this curve for some of the lower states 
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of iron, see the next chapter. The open circles in the 

plots indicate that the result is from an unweighted single 

data point~ The circles with crosses indicate the point is 

the average of 2 or more values with the standard deviation 

falling inside the limits of the circle. Finally, for 

averages with standard deviations falling outside the circle 

limits, bars are drawn to show the magnitudes of the 

deviations. Straight lines were drawn on the population 

plots through the region where a fit to one straight line 

was reasonable. The "temperatures" corresponding to these 

distributions were written beside the curves. 

For the rate plots, all of the data which were judged 

to fall on the curve were least-squares fit in terms of two 

variables K and P: log(rate) = K + Pxlog(Ea-Eu). The 

variable K encompasses all of the neglected multiplicative 

physical constants and detection efficiencies. Of more 

fundamental interest, P is the power of the energy 

dependence which expresses the number of degrees of freedom 

that are active in the dissociation, using the harmonic CO 

model. 

The data base for Fe energy levels and transitions came 

from various sources. The best energy levels came from 

Reader and Sugar (1975), and some state lifetimes were 

available in Corliss and Tech ( 1976) • Researchers at NBS 

sent us preliminary results for the oscillator strength 

results from several different researchers, and our compi

lation came from a hierarchical ranking of the various 
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sources, with older and less reliable data being calibrated 

and used when newer data were not available1 • Since that 

time, a publication based largely on the same collection of 

papers has appeared (Fuhr et al., 1981); these values have 

largely supplanted our tabulation. Spot checks revealed 

that our values closely match the newly-compiled set. 

For nickel, the latest tabulation of energy levels carne 

Most oscillator strengths from Corliss and Sugar (1981). 

carne from Fuhr et al. (1981). Any other lines not listed 

there were then obtained from Corliss ( 1965) but with the 

calibration: log(gf)=l.l3xlog(gf)c0 rliss-0.185. 

The total bond energy for iron carbonyl is known fairly 

p~ecisely, with values derived from disparate experimental 

methods yielding similar results. From thermochemistry 

experiments, it was calculated to be 6.0 ev (Cotton et al., 

1959). Also, from a photo ionization study, the value was 

found to be 6.25 ev (Distefano, 1970). From our own labora-

tory, a very sensitive method for total bond energy yielded 

a value of 6.1 eV (Horak, 1982). The best value of the 

total bond energy of iron carbonyl was taken to be 6.1 ev. 

There are not as much data available for the total bond 

energy of nickel carbonyl, but two different methods do 

1The data of Blackwell et al. (1976, 1979) were used 
first. Data of Bridges and Kornblith (1974) were used next 
with 0. 03 subtracted from their oscillator strengths. The 
same 0.03 was subtracted from May et al. (1974). The data 
of Wolnik et al. (1970) were used with no corrections. 
Finally, all other data carne from the massive tabulation of 
Corliss and Tech (1968). Their data were adjusted using the 
following

5 
calibration: log(gf)= [1.18(log(gf)c&T+0.798-

3.3llxlO- Eu)+O.l08]. 
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yield similar results. Thermochemical results indicate a 

value of 6.1 eV for the total bond energy of Ni(C0} 4 

(Fischer et al., 1957}. The same photoionization study as 

for Fe (CO} 5 again gave the value of 6.1 eV for the total 

bond energy. 

The metastable energy of argon was taken to be 93354 

cm-1 based on a weighted average of the two states measured 

from Chapter III. No detailed analysis of relative propor

tions of energy carriers was performed for neon and 

helium. Estimates of their energies were taken to be 134043 

cm- 1 for neon and 161000 cm-1 for helium. Thus, the 

available energy for both the iron and nickel carbonyl 

reactions ranged from - 44aoo cm-1 for argon to - 112000 for 

helium. 

Using this information, ·the data shown in Figures 4-3 

and 4-4 were fit to the rate equation above; only states 

over 25000 cm-1 were fit for iron since collisional effects 

jumbled the rate values for the lower states. The following 

power dependences resulted: 

Ar 

Ne 

He 

Fe 

4.81 ± 0.32 

5.09 ± 0.34 

6.38 ± 0.69 
0 

Ni 

3.40 ± 0.48 

5.09 ± 0.31 

6.20 ± 1.23 

The larger uncertainty in the helium results could be due to 

several factors. First of all, the overall production of 

metal states was lower than for argon, causing the effects 
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of normal fluctuations in the flame intensities to be more 

significant Secondly, the possible presence of different 

energy carriers such as helium ions could complicate the 

energy dependence. Also, ionization of the metal could be 

occurring in some unknown way, although no fluorescence of 

any ions was observed for any case. Finally, since the rate 

of decrease of state production at higher available energies 

is much less than for cases with lower available energies as 

with neon or argon, the scatter in the data is more impor

tant, due to a smaller range in rates. 

It remains to consider different possible combinations 

of active degrees of freedom to see which dissociation 

mechanism best describes the observed power dependence. For 

a general carbonyl M(CO)n, there are 3+6n total degrees of 

freedom, corresponding in the separated metal atom and CO 

molecules to n CO vibrations, 2n CO rotations, and 3n+3 

total atomic and molecular translations. The total number 

of degrees of freedom is 33 for Fe(C0) 5 and 27 for Ni(C0) 4 • 

There is no way though to rationalize a dissociation 

where all 33 of the Fe(C0) 5 modes or all 27 of the Ni(C0) 4 

modes would be active. This would require total dissolution 

of the CO's into component atoms, a process for which there 

is no evidence nor enough energy to accomplish. The highest 

active number of degrees of freedom that is reasonable 

corresponds to the case of slow, sequential loss of CO's 

from the central metal atom. This sequential loss would 

impart rotational motion to the CO's plus translation in 3 

l 
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dimensions. In the center. of mass frame, this could result 

in up to 3n translations, n vibrations, and 2n rotations, or 

E21 · 5 for Fe(C0) 5 and E17 for Ni(C0) 4 • However, even for a 

fully sequential dispersal of energy, due to the constraints 

of the molecular geometry, probably not all rotational modes 

could be fully active; the first and the last CO's could be 

shot off directly so they would not rotate. Then the depen

dence would be· down to around El7.5 for Fe(Co) 5 and E1 3 for 

Ni(C0) 4 . 

In contrast to this fully sequential dissociation, 

occurring slowly enough to allow for molecular rearrange-

ment, the concerted, or rapidly sequential model is much 

more restricted. Since all CO's receive impulses at once, 

the only possible direction of departure is along the line 

of the M-CO bond, causing no rotational motion and trans-

lation in only one direction, the direction along the axis 

of the M-CO bond. In addition, since the CO's leave as one, 

there is no net force on the metal atom and the metal atom 

remains at the center of mass. This model suggests n-1 

translations, n vibrations, and no rotations active, resul

ting in a power dependence of E6 for Fe (CO >s and E4 • 5 for 

Ni(C0) 4 . 1 

The fit of the data from nickel and iron carbonyl 

dissociations to a power dependence most closely matches the 

restrictive, concerted model. 

1 I thank 
determining 
cases. 

Henry 
active 

Luftman 
degrees 

for 
of 

For iron and nickel carbonyl 

his useful 
freedom for 

thoughts on 
the different 
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both, the observed power dependence with argon is a factor 

1. 2 ±0. 4 powers more restrictive than the model suggests. 

This could be due to an incomplete transfer to the vibra

tional modes. The co"nsistency between the two cases lends 

credence to the validity of applying this model to similar 

carbonyls in Chapter VI where their total bond energies are 

not well known. 

The power dependence increases for neon and helium. 

For neon, the results 1 ie 0. 9 ± 0. 3 and 1. 2 ± 0. 3 units 

below those predicted for iron and nickel carbonyl respec

tively. For helium, the results for iron carbonyl are 0.4 ± 

0.7 above the predicted and for nickel 1.7 ± 1.2 above. The 

general trend of increasing power dependence in the cases of 

larger available energies is consistent with the vibrational 

modes becoming more fully active. 

The data for helium and nickel however could contain a 

systematic error due to the possibility of cascading. That 

is, with many states produced all the way up to near the 

dissociation 1 imi t for these two cases, many have rapid 

transitions down to lower states which can then fluoresce to 

even lower states. The increase in population for these 

intermediate states would give an erroneously high formation 

rate, and would cause the power dependence to appear too 

high. It would be 

subtract off all of 

very difficult to account for and 

the cascaded intensities although in 

principle it could be done. But since all the higher states 

were never completely assigned, it would be hard to get it 
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all. Nevertheless, cascading still should be a minor 

effect, since the highest states are minor compared to the 

lower. One advantage for argon is that the available energy 

is low enough that no cascading can occur to states that are 

fluorescing. 
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Figure 4-1. Population of atomic iron states from the dis
sociation of Fe(C0) 5 by the quenching of argon, neon, and 
helium metastable states. The temperature arises from the 
distribution of the states through which a line is drawn. 

Open circles on the plot indicate the result of a 
single data point. Circles with crosses indicate the 
average of two or more points where the standard deviation 
falls within the circle limits. Larger standard deviations 
are drawn on the graph. 
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Figure 4-2. The population of nickel states resulting from 
the quenching of argon, neon, and helium by Ni(C0) 4 . 
Symbols as in Fig. 4-1. 
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formation of iron states from using 
The curves are fits to all but the 

Symbols as in Fig. 4-1. 

Figure 4-3. Rates of 
~rgon, neon and helium. 
long-lived, lower states. 
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Rates of formation of nickel from argon, neon 
Symbols as in Fig 4-1. 
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Chapter V 

Pressure Dependence of Long-lived Fe States 

Looking at the plots depicting the formation rates of 

iron or nickel (i.e. Figures 4-3 and 4-4) shows that the 

only states, if any, which significantly deviate from the 

overall smooth downward curve are the lowest-lying states. 

This could be due to a real formation rate discontinuity, a 

process for which there is no ready explanation, or it could 

be due to the possibility that the intensities monitored in 

these cases do not in fact correspond to the true rate of 

formation for the states. Referring to eq. 4-2, the 

assumption is that the only channel for state depopulation 

is fluorescence. If there were any other non-fluorescent 

channels, they would be undetected and the result would be 

an erroneously small formation rate. 

The common factor of all these deviating states is that 

they are all much longer-lived than the states lying higher 

in energy. The energies and lifetimes of these levels for 

iron and nickel are shown in Tables IV and v. This suggests 

then that collisional deactivation could be occurring for 

these states. That is, since they are much longer-lived, 

they suffer many more collisions, entering the realm where 

quenchers of reasonable efficiency can cause depopulation of 

the level. 

The literature on.· intramultiplet relaxation is not 

large, and the theory for predicting the relative magnitudes 

for the quenching by different gases is not well-developed 



68 

(e.g. Callear, 1975, 1978; King and Setser, 1976; and 

Yardley, 1980) • Generally though, the less energy to be 

carried away, the more favored is the process; the larger 

in size the quenching molecule, the more effective it is at 

quenching. This is due to the increased density of states 

of larger molecules which allows for more easily resonant 

energy transfer. 

One important study was the flash photolysis of the 

intramultiplet relaxation of the a 5D ground state multiplet 

of Fe (Call ear and Oldman, 1966, 1967) where the cross-

section for the conversion of 5o3 +5D4 was studied. This 

process is exothermic by 416 cm-1. For argon as the 

quencher, the cross-section was only 4.1 x 10-4 A2 which 

alone is not sufficiently large to account for the obser-

vations of the current experiment. However, our average 

energy spacings are generally less, and as little as 95 

cm-1 • 

An experiment to determine if indeed the long-lived 

states were being collisionally quenched involved measuring 

the intensities of these long-lived states as a function of 

pressure, with the limit of zero pressure yielding the 

unquenched, true intensity and hence the true rate of 

formation. Measuring the change in intensity of the one 

long-lived state alone was not sufficient due to the change 

in many other variables with the change in pressure. That 

is, ~etastable production and metal atom formation are also 

pressure dependent, so the intensity is a function of many 
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variables and a change is not due simply to the quenching of 

a state. In addition, as the pressure changes, so does the 

flame shape, and the intensity could be dependent upon that 

as well. Therefore, the intensity of the long-lived state 

had to be calibrated against all of these other effects. 

The easiest way to do this was to monitor in addition the 

intensity of a short-1 ived state which should express all 

the same experimental variables except the quenching since 

the state radiates fast enough so that the quenching is 

negligible. 

The experiment was difficult for other reasons as 

well. One was that the zero pressure limit was not 

attainable since the discharge could not be sustained below 

about 0.2 torr. In addition, the metastable production was 

already very low by 0.35 torr. In this lower-pressure 

range, the metastable production curve dropped so fast that 

any fluctuation in the argon pressure could have caused a 

large error. In essence, the data had to be extrapolated 

downward from the reg ion where values could be obtained. 

Also, as discussed previously, it was hard to monitor 

carbonyl pressures precisely. Finally, the data was error

prone since the desired trend was derived from dividing two 

very large values to obtain a curve expressing a smaller 

effect. 

Without lengthy and difficult kinetic development 

needing state quenching constants which weren't even 

available, it was not obvious what the pressure-dependence 
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of the intermediate states of a multiplet should even be. 

However, the highest energy level of a multiplet could only 

lose population to. the lower states and its pressure 

dependence should be straightforward. But, because the 

highest states could only lose population from the effects 

of collisional quenching, they were also the lines with the 

smallest intensities. In addition, since these states also 

had low-J values, the intensities were even lower due to the 

smaller degeneracy of states compared to the lower-lying, 

higher-J states. Because of these two effects, you were 

fated to spend your time dealing with a very weak line. 

Originally, it was hoped that accurate enough data 

could be obtained so that precise quenching rate constants 

could be obtained. In theory it was a straightforward 

process; in practice, due to the inherent problems outlined 

above, the experimental data were inescapably vague. After 

what in hindsight now appears to be an excessive amount of 

time spent trying to coerce the experiment to yield the 

elusively consistent data by taking more and more data 

points with longer and longer time-averaging, the original 

expectations had to be scaled back to just demonstrating in 

a reproducible fashion that the calibrated intensities for 

the long-lived states did in fact climb with diminishing 

pressures. 

The understanding of the quenching process improved 

considerably during the course of the time spent studying 

the pressure-dependent intensities. Since argon was higher 
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in pressure by approximately lOOO~fold over iron carbonyl, 

it was first assumed that the argon could be the only signi-

ficant quenching channel. The early experiments were 

conducted by optimizing the flame intensity through 

adjusting the carbonyl pressure and monitoring the different 

pressures of argon. For the higher pressures of argon, the 

carbonyl pressure needed to maximize the intensity was 

largely constant, so that the overall upward trend in the 

intensity of the long-lived state due to the diminishing of 

the argon quenching channel was observed as the argon 

pressure dropped. However, at lower argon pressures, the 

variation in Fe (CO) 5 pressure to maximize the flame inten

sity was much greater. As a result, there was a very large 

scatter in intensities for a small range of argon 

pressures. Originally, this was thought to be due to the 

low signal at these pressures. Finally though, the logical 

jump was made to realize that the Fe(C0) 5 was also quenching 

the long-lived metal states, and, in fact, much more 

efficiently than the argon was. A new, and much more 

te~ious experiment was conducted where, in addition to the 

argon pressure, the iron carbonyl pressure was monitored to 

yield an intensity-contour curve in three dimensions. 

The Jarrell-Ash/DARSS system was, in theory, ideally 

suited for this experiment since, with its range of 600 A-of 

simultaneous monitoring, all the lines of interest could be 

observed under the same conditions. The reg ion chosen for 

study was in the range of 3800 to 4500 A which included a 
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series of 1 ines emanating from the 7 F0 as well as several 

lines from short-lived states which could be used as stan-

dards. The contour curves obtained did indeed show a steady 

upward increase in the intensities as both of the pressures 

were lowered, but the data were not extremely accurate. The 

big problem with this system, as mentioned in Chapter II, 

was the lack of sensitivity of the DARSS. Even with long 

averaging times as compensation, the accuracy was never very 

good. 

The photomultiplier tube proved much more sensitive. 

Instead of simultaneous monitoring, one had to average one 

line at a given pressure and then go quickly to the other 

1 ine for averaging. Then, as a check, the first line was 

reaveraged to ascertain that the conditions had not changed 

in the interim. Using the 3886.3 A line from the 5o~ state 

(lifetime = 8.7 x 10-8 sec) as the standard line and 4489.7 

A from the 7 F~ state as the long-lived state, Figure 5-l 

demonstrates the upward trend in the intensities. 

Although no rate constants resulted, the data showed 

that both argon and iron carbonyl provide significant 

quenching channels for the intramultiplet relaxation of some 

of the long-lived states of iron. Also, the quenching 

constant for iron carbonyl is at least 100 times higher than 

that for argon since similar results were obtained for argon 

in the torr range as for iron carbonyl in the micron 

range. This agrees with Callear's results (Callear and 

Oldman, 1967) for the ground state relaxation. He lists an 

• 
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anomalously high cross-section of 23 A2 for the quenching of 

the a 5o3 state by Fe itself. What he was probably observing 

instead of Fe was the efficient quenching by Fe (CO) 5 that 

remained in small amounts after the flash photolysis. 

There is also other support from more recent studies 

for the· assumption that the long-lived states are being 

collisionally-quenched. The support comes from several 

molecular beam experiments where, due to the single-

collision conditions, no collisional quenching could be 

occurring. In a crossed-beam of Ar and Fe(Co) 5 (Snyder et 

al., 1980), lines arising from the higher-lying 7 F~ and 7 F~ 

states were strong lines for them whereas for us they were 

very weak. In another beam experiment (Kobovitch and 

Krenos, 1981), all the levels of the 7 F0 multiplet observed 

were produced at approximately the same rate, as our statis-

tical model would predict. These results, along with our 

own study conclusively demonstrate that the deviation from 

the rate plot is caused by collisional quenching. 

Callear saw for the ground state term of Fe a rapid 

Boltzmann population averaging for states which lay closer 

than the ·energy available at 298K, namely 206 cm-1 • This 

averaging occurred at a much faster rate than the relatively 

slow relaxation of o3 .o4 , separated by 416 cm-1 • The same 

situation appears to be true for our studies of the 7 F.O 

term. Here, all of . the levels are separated by less than 

206 cm-1 , and Boltzmann averaging occurs for all of the 

levels. Since Liiu = Au[M*l, the equation to calculate the 



74 

ratios of the steady-state intensities expected for a Boltz-

mann distribution is 

n. J 1U 1 

1:I. J 1 1U 1 -

= Au,J e-(~E/kT) 
A u,J-1 

[5.1] 

where flE is the spacing in cm- 1 between the adjacent J 

states. The calculated values for the levels of iron and 

nickel are shown in the third column of Tables III and IV. 

Listed in the fourth column are our observed rate ratios, 

averaged where possible for the results from argon, neon, 

and helium. The agreement between the observed ratios to 

the ratios expected for levels that are Boltzmann-averaged 

for the 7F0 term of Fe is quite remarkable. 1 

The results indicate that for all the long-lived states 

where spacing is on the order of kT or less, the states 

reach a relative Boltzmann average amongst themselves. As 

is expected, for the cases with states with larger energy 

spacings, the intramul tiplet relaxation does not reach a 

Boltzmann distribution on the time scale of the state life-

times. The wide standard deviation that exists for the 

cases of the different rare gases quenching the more widely

spaced 7P0 multiplet of iron and all of the long-lived 

levels of nickel indicates that these three gases quench 

with different efficiencies, and the true ratios of state 

intensities as a result of the quenching by these three 

1Thanks to Kobovitch and Krenos (1981) for pointing this 
out. 

11 
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gases should not be identical. 

Although the data weren't precise enough to yield rate 

constants for the rare gas and carbonyl quenching channels, 

an estimate was made for the composite constant for the 

combined effects of quenching by all quenchers at the pres-

sure at which the experiment was run. Frgm equation 4-3, 

the expression for the rate of formation of a metal state 

with no quenching present, and hence the rate that is 

plotted is 

[ 5. 2] 

But the real formation rate must take into account the 

quenching, which is occurring at a total rate of KQ 

[5.3] 

where Then, using the 

best least squares fit from the rate model of the last 

chapter to get an estimate for the true formation rate for a 

state with the same energy, the value of KQ can be found 

from 

Kreal 
f 1) [ 5. 4] KQ = Au(Kplot - . 
f 

For the iron states produced from collisions with 

argon, the average KQ for the two Boltzmann-averaged multi

plets are (3.9±0.5) x 10 6 for 7o0 and (1.0±0.2) x 10 7 for 

7Fo. For the 7P0 multiplet which has not averaged out, the 
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values range from 6 x 105 to 7.2 x 10 6 • Making the assump-

tion that kFe(CO)s - lOOkAr and with typical conditions of 1 

torr of argon and 10 microns of Fe(C0) 5 gives an estimate of 

kFe(CO)s for intramultiplet quenching to be on the order of 

200 to 3000 A2 • The hard sphere collision cross-section for 

the interaction of Fe and Fe(C0) 5 is approximately 300 A2 • 

The even larger cross-sections than hard sphere for this Fe-

Fe (CO) 5 interaction could be explained by both the larger 

effective diameters that the excited Fe states have compared 

to the ground state thus making the true hard sphere cross

section larger than 300 A2 , and the presence of longer-

range, attractive interactions that could be taking place 

between the iron atom and the carbonyl, including possibly 

dipole or quadrupole interactions. Nevertheless, these 

estimates show that iron carbonyl quenches iron states with 

a very high efficiency. 
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Chapter VI 

Results with Other Carbonyls 

The mechanism of metal atom production from the 

collisional quenching of metastable rare gases by iron and 

nickel carbonyl was found to be general for other carbonyls 

and some associated compounds as well. For the solids, once 

the problem of low volatility was surmounted by more 

effective heating and pumping of the sample, metal spectra 

were obtained, though sometimes with much weaker intensities 

than for iron and nickel carbonyl. 

Unfortunately, the lifetime and A coefficient informa

tion is not as precise or as extensive for most transition 

metals as it is for nickel and iron. If no new tabulations 

were available, the tabulation by Corliss and Bozman (1962) 

was used for information on transitions and Moore (1971) was 

used for energy levels. Newer energy levels for cobalt were 

found in Sugar and Corliss (1981), for chromium in Sugar and 

Corliss (1981), and for manganese in Corliss and Sugar 

(1977). No newer energy levels were available for molyb-

denum. As for line transition data, newer data for chromium 

and manganese were in a tabulation by Younger et al. (1978) 

and Fuhr et al. (1981) for cobalt. There were no newer 

values for molybdenum. 

The best and latest values for bond strengths for many 

carbonyls and similar inorganic compounds are in a paper by 

Connor ( 1977) , resulting from his own as well as earlier 

thermochemical studies. The bond strengths carne from calcu-
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lations based on the observed heats of formation for these 

compounds. Carbonyls and metal compounds are noted for 

forming a range of decomposition products. Accuracy suffers 

if inexact analysis of decay products in the calorimeter 

occurs. The final value for the total bond energy comes 

from calculating the enthalpy change for the process 

M(CO)n[g,298K] + M[g,298K] + nCO[g,298K] [6.1] 

Additional uncertainty comes in from the value for the heat 

of formation of the gaseous metal. 

Since reliable values for the total bond energy for 

these carbonyls are not as well known as for iron and nickel 

carbonyl, the rate model was used to give an estimate for 

the available energy and hence the bond energy from a fit in 

terms of K and Ea to log(rate) = K + Pxlog(Ea-Eu), where the 

value of P is determined by making analogies to results for 

iron and nickel. To fit the data in terms of K and Ea 

required using a non-linear least squares procedure. The 

method chosen was an iterative method whereby gu~sses for 

these two constants were input into a matri~ equation based 

on an expansion in terms of the first derivatives of the 

function: 

T -1 
ll.x = (~ _Q) .Q(!obs-fcalc) [ 6. 2] 

where . (..fobs-..fcalc) is a lxn matrix of differences between 

the observed rate and the rate calculated from the current 

values of K and Ea for n data points, ~ is a 2xn matrix of 
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the derivative of the function with respect to the two 

variables evaluated at their current values for each data 

point, ( DTD) -l is a 2x2 matrix which is the inverse of the 

product of the derivative matrix and its transpose, and !:!.~, 

a 1 x2 matrix containing the corrections for K and Ea to be 

added for the next iteration. Also calculated were the 

correlation and standard deviation based on a linear 

approximation. 

* Except for the earlier study of He + Mn 2 (C0) 10 , all of 

these experiments were done very recently. When they were 

done, the current cylinders of neon and helium contained 

high amounts of impurities, so much so that adequate concen-

trations of the metastable gases were not obtained. At this 

point, there was not sufficient time or finances to replace 

them with better supplies. So, only argon metastable state 

reactions were used for these newer studies. It would be 

useful to return to some of these compounds in the future to 

study their interactions with the higher-energy metastable 

rare gas states. 

A. Argon + Chromium hexacarbonyl. 

The spectrum of Ar* + Cr(C0) 6 yielded atomic lines in 

the range of 3600 to 4500 A as seen in Figure 6-1; there 

were also several other lines in the range of 5200 to 5400 

A. The strongest line was about 2500 counts per second, 

located at 4254.4 A and coming from the 23499 cm- 1 z 7 P~ 

state. The population plot is shown in Figure 6-2, and the 
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rate plot in Figure 6-3. 

The highest energy level confirmed for chromium was the 

31280 cm-1 z 5 F~ state which places an upper limit on the 

bond energy. of 61600 cm-1 which compares to Connors' value 

of 54000 cm-1 • The rate data were fit to an estimated power 

dependence of E6 • 3 , which is 1.2 units less than the 

restricted model prediction for M(C0) 6 of E7 • 5 • This gives 

a value for the available energy of 44859 ± 262 cm- 1 which 

yields a total bond energy of 48285 ± 262 cm-1 which falls a 

little less than Connor's value, placing it in the same 

range of bond energy as for nickel and iron carbonyl. 

B. Argon and Molybdenum hexacarbonyl. 

* The spectrum of Ar + Mo(C0) 6 was a relatively weak 

series of lines from 3750 to 5000 A and is shown in Figure 

6-4; there were several additional 1 ines from 5500 to 5600 

A. The strongest line was at 5506.5 A arising from the 

289 24 cm-1 z 5P~ state. The population and rate plots are 

shown in Figures 6-5 and 6-6. 

The population distribution was rather surprising in 

that there was a very clear temperature inversion for the 

levels lying 25000 to 33000 cm-1 • Instead of indicating a 

different formation mechanism as was first thought, it just 

reflected the fact that the very lowest states are shorter-

1 ived than those lying above, and the population inversion 

merely reflected the longer lifetimes of the higher 

states. By 33000 cm-1 the states have once more become 
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shorter-lived and the population begins to decrease. 

The highest line seen for Mo was the 35719 cm-1 z 5 F~ 

state, which means a total bond energy of less than 57 4 25 

cm- 1 , or 7.1 eV, which is already greatly less than the 

thermochemical value of 75815 cm- 1 • Applying the rate model 

using E6 • 3 as for chromium and excluding the lower-lying 

l~ng-lived states, the best fit gives a bond energy of 14929 

± 11864 cm- 1 , an unacceptably low value. Be tween the weak 

signal, the few points included in the fit, and the outdated 

line transition data used in the calculations, it's not very 

surprising that the resulting fit is a poor one. Fitting 

the data using the thermochemical value of 75815 gives a 

very low power dependence of E2.1?±.8B, which would imply a 

very restrictive dissociation, if true. 

The results for Mo(C0) 6 would seem inconclusive. For a 

bimolecular process, the upper limit of 7.1 ev for the bond 

strength would be firm, as no other significant energy 

sources are available in such a gas phas~ study. If perhaps 

the process is not bimolecular, then the bond energy value 

would be wrong. A pressure dependent study of line intensi-

ties would settle the argument, as was done originally to 

establish the bimolecular nature for the dissociation of 

iron carbonyl. 

C. Helium and Dimanganese decacarbonyl. 

In this older study, a very weak spectrum of manganese 

* lines was observed in the range of 2800 to 4800 A for He + 
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No fluorescence was seen with argon or neon. 

There was no evidence of any metal molecular fluorescence, 

worth noting since the presence of fragment was 

thought to be a possibility. The strongest line was 350 

counts from a set of lines at 4033 A consisting of an 

unresolved set of three lines from the z 6p 0 multiplet. The 

feature that many of manganese's lower multiplets have 

similar energy spacings caused several sets of unresolvable 

1 ines. · The population and rate plots for the four 1 ines 

that could be assigned are shown in Figures 6-7 and 6-8. 

The highest observed state was the 44289 cm-1 z 4F0 level 4.5 

which gives an upper limit to the bond energy of 116711 

cm-1 , a value which is cons is tent with the thermochemical 

value of 89527. · 

Not knowing what the dissociation of Mn 2 (C0) 10 is like 

and not having any other examples with which to compare it 

to meant that the rate model had to be applied with uncer-

tainty. But since only four points were available the 

concern was merely academic since there was not much 

confidence in the results. Analogous to the restricted 

model previously developed, Mn 2 (CO) 10 would have an energy 

dependence of - E9 • 5 • Just for grins, the data was fit and 

the best fit gives a bond energy of 68861 ± 12180 which is 

at least ballpark to the thermochemical value. Using the 

thermochemical value gives an energy dependence of 5.2 ± 1.2 

which is somewhat more restrictive than predicted. 
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D. Argon and Cobalt tricarbonyl nitrosyl. 

Co(C0) 3No, a substituted carbonyl, is a liquid with a 

high vapor pressure. The spectrum with argon yielded lines 

in the range of 3000 to 4400 A and is shown in Figure 6-9. 

There were several very strong 1 ines with the strongest of 

-1 6 0 t about 9000 counts coming from the 23856 em z F4 • 5 s ate. 

The population and rate plots are given in Figures 6-10 and 

6-11. 

The highest observed state was the 34352 cm-1 

z2no state, so Eb < 58792 cm-1 • 1.5 No thermochemical data 

was available for this compound. Guessing at the rate 

dependence gives a value around E4 • 5 since in the number of 

fragments it is most similar to Ni(C0) 4 • The rate depen-

dence was fit using this power for the energy dependence and 

fitting only to the states above 28000 cm-1 since the lower 

states were long-lived and showed signs of collisional 

jumbling. The spacing for some of these levels is less than 

kT so Boltzmann averaging could be occurring as it was for 

Fe(C0) 5 • A fit to E3.2 5 as for Ni(C0) 4 gave Eb - 50639 

cm-1 , or 6.2 eV, consistent with the upper energy limit. 

This means that with an assumption of Ni(C0) 4-like behavior, 

the bond energy is similar to Ni(C0) 4 • 

E. Argon and Ferrocene. 

Ferrocene, Fe(C5H5 ) 2 , is a sandwich compound; that is, 

two rather large cyclopentadienyl rings are bonded sideways 

to the iron atom in the middle. It is a sublimable solid, 
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giving slightly less vapor pressure though than the solid 

carbonyls tried. 

* The spectrum of Ar + Fe ( c5H5 ) 2 gave very weak but 

recognizable iron lines as seen with the dissociation of 

iron carbonyl. The strongest line, as with iron carbonyl, 

was the 43 7 5. 9 A 1 ine from the 228 46 cm-1 z 7 F~ state. The 

rate and population plots are shown in Figures 6-12 and 

6-13. 

The highe~t state observed was the 33695 cm-1 y 5 F~ 

state. The thermochemical value for the total bond energy 

is 49653 cm-1 , or 6. 2 ev, which is very close to the value 

for Fe(C0) 5 • Fitting to the rate model is difficult since 

there is no accounting for the possible excitation of the 

many different ~yclopentadienyl vibrational modes. However~ 

as opposed to the impulse that a CO receives along its 

vibrational direction, the impulse that a Cp group would 

receive would be perpendicular to the major vibrations, 

coupling weakly perhaps to the out-of-plane bending modes. 

E~cluding the long-lived states and using the thermochemical 

value for the total bond energy, the power that fits the 

data best is E0 • 74 ±· 43 which is a dramatically lower energy 

dependence than seen previously. Excitation of only the two 

one-dimensional translational modes would yield a dependence 

of E0 • 5 which lends support to a simultaneous bond breaking 

of the Fe-Cp bonds with little rotational or vibrational 

excitation. 
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F. Other compounds tried. 

Manganese cyclopentadienyl tricarbonyl, MnC 5H5 (C0) 3 , is 

a liquid. As with the other 1 iqu ids tried, a strong metal 

excitation was expected. However, in spite of being a 

1 iquid, the compound had no detectable vapor pressure even 

with heating, and there was no detectable fluorescence when 

added to a flow of metastable argon atoms. 

Tungsten hexacarbonyl was also tried. Although a 

similar pressure was obtained as for the other solid 

* carbonyls, no spectrum was seen for Ar + W(C0) 6 • The 

thermochemical bond energy is listed as 89527 cm- 1 which, if 

true, would preclude the populating of any fluorescent 

states of tungsten. With the lowest possible level of 

tungsten that could fluoresce lying 19389 above the ground 

state, a lower 1 imit on the bond strength would be set at 

73800 or 9.1 ev. This would be an obvious candidate to try 

with neon or helium metastable states. 

A comparison of bond energies estimates from the 

thermochemical experiments, rate calculations, and the 

highest ~tates observed for the compounds mentioned in this 

chapter is shown in Table v. 
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Chapter VII 

Reaction Chemistry of Metal Atoms 

Having a concentration o~ metal atoms in the gas phase 

is a very appealing situation. With all of its orbitals in 

unbonded states, the metal atom is a very high energy 

species and thus is extremely 

different reactions that could 

reactive. There are many 

occur involving the atom, 

with many exothermic product channels existing in reactions 

with many reagents; this exothermicity comes about from the 

much lesser energy that the metal atom has as a result of 

bond formation. The metal atom has to be sufficiently high 

in energy to overcome the energy gain that results from the 

breaking of the bonds of the incoming reagent and replacing 

it usually with a higher energy species such as a radical. 

In addition to being exothermic, the exit channel has to 

have enough extra energy so that fluorescent products that 

could be formed are in the range of energy that we ca:n 

detect. The possibility of using metal atoms as a route to 

producing band structure for small 'inorganic molecules which 

may exist only in the gas phase was the motivation for this 

aspect of research. 

Using N2o or c1 2 with the hopes of forming the oxide or 

chloride of iron or nickel is feasible since the enthalpy 

change for at least some of these processes is exothermic. 

The heat of formation data is not well established for gas 

phase species such as FeO or NiCl, but at least for the 

process forming NiO, 
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+ [7.1] 

enough data exists to calculate the enthalpy change for the 

process; . 1 . 1 -1 1ts va ue 1s -63 kcal mo e , or 3.8 ev. Po ten-

tially, fluorescence from this system would be detectable. 

Quite a lot of time was spent in trying different 

combinations of nickel and iron with reagents such as c1 2 

and N2o. The carbonyl was introduced either upstream for a 

flow in the interaction zone of primarily ground state metal 

atoms, or at the port directly opposite the monochromator to 

produce a mixture of ground and excited state metal atoms. 

The resulting plots were typically very complicated. The, 

parent metal lines were usually still present to some 

extent. In addition, some direct excitation of the reagent 

with the metastable rare gas state occurred, producing band 

structures of these reagents. In no case was any metal 

molecular emission detected. With c1 2 as the reagent added 

to a flow of nickel, a very weak band structure occurred 

around 3900 to 4700 A. This first was thought to be NiCl 

fluorescence. However, the same structure was also later 

* found in the spectra from Ar + CO, and with iron as well. 

Although never fully identified, this structure was most 

likely due to some very weak N2 ( C+B) bands from background 

nitrogen, and/or some high-vibrational states of the CO 

Asundi band system (a' 3 l:+ + a 3 rr). The Ni(C0) 4 was stored 

under CO to inhibit dissociation so it was inevitable that 

,some CO would always be present. 

.·.- _- ...• ---· ,. --~,...--. ~- .,. ____ .... 
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These operating conditions were fleeting in occurrence 

due to an unexpected result. Quickly upon inception of the 

flow of the carbonyl and the additional reagent, a vacuum 

deposition process began. Very fragile and detailed stalac

tite-like structures began forming from the walls and 

growing rapidly toward the middle. Although these compounds 

were never analyzed they were attributed to metal oxides or 

chlorides resulting from the direct reaction of the carbonyl 

with the additional reagent. Although beautiful, all 

aesthetic senses aside, this made the whole experiment of 

incredibly short duration before the growth either obscured 

the monochromator• s vision, or interfered enough with the 

flow patterns that intensities were diminished. The chamber 

had to be cleaned before any experiments could be resumed; 

the whole situation made this an impractical experiment. 

This whole approach to reaction chemistry turned out to 

be too messy to work with. You were stuck with a background 

flow of carbonyl many times higher than the metal atoms 

produced. Whatever reaction might be occurring was 

occurring on a very small scale and was obscured by direct 

reactions which were occurring with the unreacted carbonyls 

or unquenched metastable rare gas atom concentration. 

·' . 



103 

Chapter VIII 

Conclusions 

The production of metal atoms fro~ the energy transfer 

of the metastable energies of rare gases to metal carbonyls 

now appears to be a general process which will work for 

whatever carbonyls reach sufficient pressures in the gas 

phase. Results so far indicate that all metal states are 

produced up to the limit of energy remaining after all bonds 

have been broken, and produced at a rate determined by the 

energy of the upper state with no regard to spin multipli-

cities. The distribution of states, not being governed by 

selection rules as would be the case with excited state 

population by absorption from the ground state, is a unique 

way to produce states which would be inaccessible from the 

ground state. In fact, this method produces relatively high 

populations of these states for precisely the same reason, 

namely, that they are not quickly able to fluoresce to lower 

states, and the steady-state population builds. This high 

population of low, improbable states can expose previously 

unknown behavior; for example, in the study of * Ar + 

Ni(C0) 4 , several lines from two long-lived states of nickel 

were observed for the first time. The novel production of 

population inversions that sometimes results from the 

presence in some metals.of long-lived states lying higher in 

energy than some shorter-lived states could perhaps be put 

to use in laser development, although the absolute concen

trations are only on the order of less than 10 9 per cm3 
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since the primary state produced in all cases is the ground 

state itself. 

It now appears that a wide range of inorganic compounds 

similar in bonding to the carbonyls will produce metal 

atoms. An advantage of the flowing afterglow technique is 

the very low amounts of carbonyl required to fully explore 

the dissociation of the carbonyl so that even rather rare 

and expensive compounds could be used. So far, it seems 

that metal atoms are produced by multiphoton methods when

ever the afterglow pathway exists as well. Thus, compounds 

which have produced metal 

methods would be likely to 

afterglow method as well. 

atoms from these multiphoton 

produce metal atoms in the 

Results from these groups 

indicate that metal alkyls also dissociate in similar ways 

( Karny et al. , 1978) • From mul tiphoton work, metal atoms 

and ions have been seen from Cr(C0) 6 and W(C0) 6 (Gerrity et 

al., 1980), from ferrocene and nickellocene, Ni(C5H5 ) 2 , 

(Leutwyler et al., 1980); metal atoms and up to the 

trinuclear ions have been seen from Mn 2 (C0) 10 and Fe 3 (C0) 12 

( Leutwyler and Even, 1981), and neutral Co 2 from Co2 (CO) 8 

(Rothberg·et al., 1981). 

The general dissociation mechanism yielding metal atoms 

from a host of metal carbonyls and related compounds is 

consistent with a two-electron exchange model proposed to 

explain the interaction of the carbonyl with the metastable 

rare gas 

electron 

state (Hartman et al., 1980). 

from a high, filled molecular 

Conceptually, an 

orbital of the 

.. 
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carbonyl is first transfered to the ( n) p 'hole of the meta

stable atom. The rare gas (n+l)s electron is then returned 

to an unfilled orbital of the carbonyl. If the electron 

lands in an unbound molecular orbital, then ionization would 

be the result; ionization is presumably. always a competing 

channel for energy disposal that we cannot monitor. From 

molecular orbital analyses for iron and nickel carbonyl 

( Baerends and Ros, 1975), the metal atoms possess a formal 

positive charge in the molecular state, so the electron from 

the rare gas atom would land in an empty metal orbital. The 

orbital would be antibonding toward metal-ligand bonding and 

would lead to an instantaneous repulsive interaction leading 

in turn to a simultaneous dissolution of the metal-CO bonds. 

All the results from the rate model suggest that the 

dissociation is precisely such a simultaneous bond-breaking, 

and appears to hold true even for cases such as ferrocene 

and Mn 2 (C0) 10 • Ferrocene has a greatly lower energy depen

dence that all of the other cases which suggests that the 

only significant energy channels open are into the cyclopen

tadienyl and Fe atom translation modes, leaving initially 

cold cyclopentadienyl groups in terms of rotation and 

vibration. 

The bond energies for the less well known carbonyls in 

some cases differ from the thermochemical values, and the 

results place the total bond energies for Fe(C0) 5 , Ni(C0) 4 , 

Cr(C0) 6 , Co(Co) 3NO,~Mo(C0) 6 , and Fe(C 5H5 ) 2 to be all on the 

order of 6 eV! This places the value for Mo (CO) 6 several 



106 

eV's lower than the thermochemical value of 9.7 ev. A test 

for the bimolecular nature of Mo(C0) 6 dissociation would be 

necessary to confirm this lower value for the bond energy. 

At this point, between the low signal for the Mo lines 

observed and the ancient data for Mo, there is not a good 

value for the bond energy of Mo(C0) 6 from using the rate 

model. 

Results from the pressure dependence of the long-lived 

states of iron suggest that intramultiplet quenching of 

metal states by the parent carbonyl is an extremely 

efficient process. The collisional process could compete 

for all states which are longer-lived than approximately 

10-6 seconds. In addition, for energy spacings of less than 

kT, a rapid Boltzmann population distribution is set up. 

Metal atom reaction chemistry at this point is not 

tenable using the flowing afterglow technique due to the 

direct reaction.of the reagent with the undissociated parent 

carbonyl and the very small concentrations of metal atoms 

produced. Perhaps a mass selection device such as a quadru

pole field could be used to select the mass of the metal 

atom for reaction, but the concentrations would be very 

low. In addition, the presence of high concentrations of 

carbonyls such as sticky iron carbonyl promises that it will 

be hard to keep the experiment clean and operating. 

Although the flowing afterglow technique may not be 

ideally sui ted for studying reaction chemistry, the 

carbonyls do seem to be good precursors for such work. 

... 
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Several reports have come out indicating that flash photo

lysis or intracavity laser operation produces band formation 

of small molecules such as WO from W( CO} 6 ( Efremov et al., 

1979) or a small, unidentified Cr-containing compound from 

Cr(C0) 6 (Efremov et al., 1974). 

The afterglow technique does have its limitations, the 

major one being the large error that is still inherent in 

the method. Until this error can be lessened, more precise 

information on dissociation mechanisms or bond energies will 

be unobtainable. The effects from fluctuations in flame 

intensities could be mitigated by signal averaging the lines 

of interest to average out these ~ffects. More work on 

boosting gas phase concentrations could perhaps increase the 

intensities of the metal lines. 

Finally, the one source of error that seems to be 

rapidly disappearing is the accuracy with which the data on 

1 ine transitions for metals is known. The National Bureau 

of Standards is now making a systematic effort to improve 

the data for many transition metals, a task becoming ever 

easier as new laser systems and technologies make selective 

excitation of metal ~tates more possible, thus replacing the 

rather archaic data presently available using methods 

containing incorrect temperature dependences and such. It 

would be worth returning to some of this data in the future 

for reanalysis when these newer values become available. 
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Table I 

Rare Gas Metastable State Energies 

Rare gas State Energy(cm- 1 ) Energy(eV) 

Helium 3s 
1 159850 19.82 

ls 
0 166272 20.62 

Neon 3p 
2 134044 16.62 

3p 
0 134821 16.72 

Argon 3p 
2 93144 11.55 

3p 
0 94554 11.72 

Krypton 3p 
2 79973 9.92 

3p 
0 85192 10.56 

Xenon 3p 
2 67068 8.32 

3p 
0 76197 9.45 



Table II 

Physical Properties for some Metal Carbonyls 

co2 (C0) 8 orange red dec.Sl dl.73 
co4 (co) 12 black dec.60 

Cr(C0) 6 white dec.l30 M-C:l.92 

114 

Fe(C0) 5 yellow liq. mp-20 bpl03 dl.427 M-C:l.80ax,l.84eq 
Fe 2 (CO)g bronze dec.80 d2.085 
Fe 3 (C0) 12 dark green dec.l40 

Ir2 (C0) 8 green yellow 
Ir4 (C0) 12 dec.230 

Mn 2 (C0) 10 yellow mpl54 dl.81 

Mo(C0) 6 white dec.lSO dl.96 M-C:2.08 

Ni(C0) 4 liq. mp--25 bp43 dl.32 M-C:l.84 

Os(C0) 5 colorless liq. mp--15 
os 2 (CO)g 
Os 3(C0) 12 mp224 

Re 2 (C0) 10 white mpl70 

Rh 2 (CO)g orange yellow mp76 
Rh 4 (C0) 12 

Ru(C0) 5 colorless liq. mp-22 
Ru 3 (C0> 12 green dec.lSO 

Tc 2 (C0) 10 white mpl60 

V(C0) 6 black green dec.65 

W(C0) 6 white dec.lSO d2.65 M-C:2.06 

Glossary 
(all temperatures

3
in °C) 

d density in g/cm 
liq. liquid (all others solids) 
dec. decomposes 
mp melting point 
bp boiling point 
M-C bond length(s) in A 
ax axial bond 
eq equatorial bond 

'· .• 

... 



115 

Table III 

The Observed Long-lived Multiplets of Fe 

.... J Spacin9:(cm-1 ) "! (sec) Intensity Ratios 

J Boltzmann Observed 

2 -------- 24506.9 4.8xlo-4 

z7po 
326.0 

7.9xlo-5 
29.72 2.40±.86 

3 -------- 24180.9 J 
469.4 17.53 1.14±.27 

4 -------- 23711.5 4.4xlo-5 

0 -------- 23270.4 metastable 
25.6 

6.0xlo-5 1 -------- 23244.8 
52.3 

4.3x1o-5 
1.81 1.75±.15 

2 -------- 23192.5 

z7Fo 
81.6 

3.3xlo-5 
1. 90 1.59±.20 

3 -------- 23110.9 J 
114.2 2.03 2.04±.10 

4 -------- 22996.7 2.9xlo-5 
150.8 

3.3xlo-5 
1. 79 1.77±.10 

5 -------- 22845.9 
195.5 

2.3xlo-3 
0.04 

6 -------- 22650.4 

1 -------- 20019.6 4.3xlo- 4 

107.1 
3.2xlo-4 

2.32 
2 -------- 19912.5 

z7oo 
155.5 

2.2xlo-4 
3.06 3.30 

3 -------- 19757.0 J 
194.6 2.93 2.34 

4 -------- 19562.4 2.0xlo-4 

211.5 
5.9xlo-4 

0.93 
5 -------- 19350.9 
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Table IV 

The Observed Long-lived Multiplets of Ni 

Spacing ( cm-1 ) T (sec) 

J 

2 -------- 29013.2 7.09xlo-7 

435.2 
3 -------- 28578.0 

509.9 
4 -------- 28068.1 

487.7 
5 -------- 27580.4 

319.5 
6 -------- 27260.9 

0 -------- 28213.0 
269.5 

1 -------- 27943.5 
528.6 

2 -------- 27414.9 
749.0 

3 -------- 26665.9 
912.3 

4 -------- 25753.6 

7.69xlo-7 

1. 35xlo-6 

4.74xlo-6 

metastable 

metastable 

5.2lxlo-6 

1.87xlo-6 

1. 72 xlo- 5 

8.85xlo-5 

Intensity Ratios 

Boltzmann Observed 

7.62 

6.77 

3.04 

36.26 

4.11 

16.33 

2.28 

1.22±.25 

2.24±.95 

2.50±1.81 

1.16±.65 

0.80±.31 

' . 
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Table V 

Carbonyl Bond Energies (in eV) 

Thermochemical Spectral Limit Rate Model 1 

Cr(C0) 6 6.7 < 7.6 6.0 

Mo(C0) 6 9.4 < 7.1 (1.9) 

W(C0) 6 11.1 > 9.1 

Mn 2 (CO)lO 11.1 < 14.5 ( 8 0 5) 

Co(C0) 3NO < 7.3 6.3 

Fe(C5H5 }2 6.2 < 7.4 

lParentheses indicate values with low to no confidence 
levels. 



Appendix 

Computer Program Listings 

A. Program "NICOLET->PET" 

10 J=<J' HC=O 'ZE=O' SI,.6' DA=200' I•F=201: !aEl N$sCHR:1<2> 'F$..,CHR$<0) 'K$"'"" 'AS"'"" 
20 DIMD$CI024.6>oC$•CHRJ,13)°K=0°NI=I'N2s2 
30 PF:ItlT":-J:~ULL f'·EGION!!" 
40 PRINT"t.LNJE'3T'" 
50 IttPIJT"tttl·lA'...'ELENGTH AtlD CHANNEL";WL.CL 
60 PR I UT" )~ti-H GHEST' " 
?•3 I tiFIJT"ttti-H=i'·/ELEtiGTH AND CHF!N~IEL"; WH, CH 
SO AC=d·lH->IU/CCH-C:..> 
SIC1 PF:INT".JI!rl:I':EGION T•J SEND!!" 
100 HIF'UT"tttFIF:o:>T At~D LA:=.T CHF!NNELS";PL.PH 
110 tK=PH-F'L' IF'NC<=1f:l24THEN13tl 
120 FRItH" J!lll1A~: I MUM OF' I 024 CHfcNNELS" : GOT0)0 
13tJ 1-lL=>lL+AC*F'L 'WH=IJL+FtC*t~C 
14(1 INF'UT"l!~LIT WIDTH ON MICRON~·>";SW 
!50 I NF'UT "ARGON PRESSUF:E (! N TLlRF: >"; f'A 
!6€1 INFUT"CARP.ONYL PF.·E:.:=.uPE <lN MlCRONS>";PC 
170 INPUT"l!~ll)iHA ~:ET TITLE"; 11:1 • 
ISO IFLEt-t<Al' ><:=16THEN2L1•J 
130 PP.ItiT"LUliT OF' 16 CHARt'tCTERS" :GOT0170 
20~t OF'EN20et, 16: OPEN~O 1 , 1 7, £t 
210 F'FINT-201.F'S; 
2~0 PR !tiT"laENAFLE :IF:EADOUT!! AND ~·'CD SERIAL!!" 
230 FRINT":d'lND THEN PUtiCH THE SHIFT KCY" 
240 IJAIT152.1 
2'51) F·R I NT" Jl.U~OW READ I NO" 
260 PRINT#DLNS; 
265 GET#DA. D:S<O. 0 :o' IF'DS<I:l. O>C>" "THEN265 
270 F'CIF:I=N2TOtK: 'F'ORJ•ZETO::ii 
280 C·ET#!IA, DS< I ,.J)' IF!•~·: I • .J)=""THEN2€;121 
2:?(1 tiE>:T 'C•ET-DFt. DS <0, 0) 'D•< a. 0>•"" :NEXT 
3BO FRINT-DB.Fs; 
310 PRINT"l!MTHROUGt'! READWG:.W" 
315 tll=NC-9' IFNC<tOTHEWii=2 
316 PRINT"THE LAST CHAtHIELSo:JI" 
320 FOF:I=N1 TONC 't<=K+ 1 'F'•JR.J=ZETOSI 
380 F'F: Itl'T'!IJ' .:I • .J >; 'NEXT 
335 IF't:.'5-INHK/5>=0THEtiPRINT 
340 ttE:><T 
350 PF: !NT" l!DC" 
360 IIIPUT"WANT Fe COP'r' OF THE DATA"; Q$ 

3<0 IFQS="N"THEN470 
3E:O OF'EN1.4 
3~0 PRINT•t. CHR$<147>. AS 
400 PRIHT-1. Cs; cs; N(;; lolL; WI I; SW; PA; PC 
405 K•O 
406 PRINT•1•"**•"'"'**"; =K=K+l 
41(1 FOF:I•2TONC 
420 ~:=K+l 
43C F'ORJ=0T06 
440 PRINT•t.D$(J,,J); 
450 NEXT:IFK/10-lNTCK/lEl>=OTHENPRINT•t 
460 tiE~<T 'PR I NT•l, CHR$ < 1::1 > 'C.LOSE1 
470 PRINT"JliF'UNCH FIN'" ~·:£•,· WHEN DISK IS READ'~" 
480 GETEtoiFE$=""THEN4SO 
4.90 F'RINT"JIJ!I~OW ~JRITHIG TO DISK" 
51110 C•PEn;:. a. 2. "0' "+t'l$+", SEQ, WRITE" 
510 PRitH•2· NC; C$; WL; CS; WH; CS>; SW; Cs;PF'I. C$; PC; Cs; 
520 FORI=2TOHC 
S3B FORJ=:ETOSI 
54(1 F·t>It1T•2. D:<I ,.J>; 
SSCI "EXT-PRINT•2.CS; 
560 NE><T ' CLOSE2 

200-310 
380-460 
470-560 

Data reading 
Paper copy 
Disk copy 
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B. Program "Data Process" 

10 AXf•"H" 'TN•O' P 1$•"£)\PER HIEIHAL" 'F'ZS="UIICOF:F;ECTED" '·.LFf=CHRf< 13) 
.20 DH1D(4096>,P< 1. JOO> .P~h t. 3L1.' 
30 lt1PUT"1llll..OI1D HOH l·lt'!N~' I<HTA SEfS" ;II 
40 l FtlsOTHENGOTOC::810 
SO 'PIP'_IT"lljEIIERAL Di'fTI1 SET tlHME"; I<S 
60 r~•=rrs+" " 
;"(• FC<= •~.,1 TOll 
80 HIF·UT"I•ATA SET ID NHME"; H 
:?0 TS=i)S+Tf 

11 (1 
1ZO 

100 (•F·Euc::.s,;, "C< "+Tf•" .·;EQ,REAI<" 
FRIIIT"I!l4lOW F:EAI< !IIC• FF·Or·l DI~k" 
It1F·UT112, NC, HL, r.n, Sl-1. F·A, PC 

13(1 
140 
150 
160 
170 
1SEl 
190 
zoe 
21(1 
2.20 
230 
240 
250 
260 
.270 
280 
290 
.300 
31(1 
320 
•330 
340 
350 
360 
3;o 
38(1 
~90 
40•) 
410 
420 
4~0 
44(1 
450 
455 
46~3 

461 
462 
463 
465 
46o 
4713 
480 
4~0 
S00 
510 
:5213 
530 
S40 
sse 
560 
s7e 
see 
590 
6013 
610 
620 
630 
640 
650 
660 
670 
680 
690 
700 
710 

IFf<.= 1 THEili·JO=l·JL 
C>I=NC-1 
I Ff;;•1 THEN 1 SO 
Ctl.,NC-1(• 
FORia2T010 A.J•"":IHPUT112,f1l:NEXT 
FC•RI=1 TOCtt 
~S="" 

INPUT412.Af 
to< TN+ I >•VAL<A.J> 
IIEXT 
TN=TI~+CH 

CLOSE.2 
NEXTK 
AC•<WT-WL>/NC 
W(1=W0+AC 
IH•D<.2):IL•D(.2)'H"2 
FORI=2TOTtt 
!FD<I><=IHTHEN3C::O 
IH=to( I>: H=I 
IFD<I:<>=ILTHEN340 
H.=D•: I> 
I~EXT 

PF:IIIT"Jtl!J-!IOHEST COUNT:" 
F·RINT"ti"IH; "C:OU~ITS AT"ItlT<100+<WLi+A~*H)>/100; "( CHANHEL"H; ">" 
H';INT"Jl..C•l·JEST COLINT IS"IL 
: :L= 1 '><H=TH' 'r'L=O' 'r'H'" I H/. 85: WL•HI.l: WH=WT 
I NF'UT "llliiDO VOU WAitT TO PLOT All'r' DHTA"; A:;; 
I FAJ:=" 'r'" THEIIGOSLIB:?4(\ 
INF'UT"IoO 'r'OU 14111H A L!,3T OF F'EAI<S";AS 
IFAS="N"THENS7'Co 
F'CIF: I =OTO 1 : FORJ= 1 T0300 
F(!,J>"'O 
r<E:,:T J NEXT I 
IFA:~t:="W''THENPRII~T"lFOR WHICH WA'..-'ELENt3THS >MIN, Mt1XC" 
IFAXS"'"C"THEIIPRINT"IIFOR W;;lCH CHHNHELS .>MIN, Mt1XC" 
INF'LITL,H 
IFAl,:t:"'"C'"THE1~470 

IFI.zHTHEN430 
L"ItlH (L-WO>/AC>: H., I NT< <H-WO>/FtC>+l 
GOT0490 
IFL<.>HTHEN4:?el 
L"XL :H=:<H 
IFL<3THEHL'"3 
IFH.>aTHTHEIIH•TH-1 
INF'LIT"JLOHEST PEAK HEIGHT TO LIST"; CLl 
~IP=O 

FOF:I=LTOH 
I Fto < I > <COTHEN630 
IFD< I ><D< I-1 >THEN630 
IFD(I><D<I+I>THEN63El 
IFD<l >OD< I-1 >THEN610 
I FD < I ) CD< I-;<: HHEN630 
F'(0,1lP>•<I-.S> 
C·OT0639 
NF·aNP+1 
P<0,NP>•I:P(1,HP>•D<I> 
NEXT 
FORI,.!TONP 
F'<O, I>•W0+ACIIIP<0. I> 
PRHITI ,pee. I >.PO.l > 
llEXT 
INPUT"DO VOU WANT A LISTIHG OF THE PE:AK:>"; AS 
!FAt:•"H"THEN970 
GOSUB720 
C·OTOI370 
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~29 OPEN1.4=0PEN2.4.1=0PEN3.4.2 
730 Fl$"'" 999 9999 9:.J9:?. 99 9:J99:J" 
74£J GUS==". II CHANNEL WAVELENGTH IHTEI~SITY" 
75e F·Rrt4Tllt.CHRS<147) 
760 PF:·ItlTli3.F1S 
770 PRitlT#!.D:f" <CUT OFF IS"CO"CIJUIHS.)",LFS 
788 F'RII4Tll1. "WAVELENGTHS "PI$ 
7:?0 F·F<:ItlTlll, "WTENSITIE~. "P2SLFSLFS 
898 PRINTlll,QlSLFS 
91l' FOR!"'l TOtiP 
820 PRI14Tll2. I, INT((P<0. I >-W")/AC) ,Pee. I>. P< J, I> 
830 NEXT 
840 PRINTllt.CHRS<19> 
850 C~OSE1=CLOSE2=C~OSE3 
86e RETURN 
S:'D IW"UT".11D0 'T'OU WANT A LEHST 5uUARES FIT";A-' 
S7.C 1FAS="'t"'THENGOSL•B3000 
875 INF'LIT"1lDO YOU l·lo'ttiT TO ADJLI~T THE FEAK LIST" ;AS 
880 !FAJ'm"'T"'THEt1GOS~IB293•) 
890 II~F'LIT" PlDO 'T'OU l~l'tNT TO NORMt'tLI :E F1.lR THE P~IT" ; AS 
::;.ttl:':t ! FA$= .. .,." THEHGOSLIBO:::S~JO 
~~10 INF'LIT"1ll:OO '•'OU Wr'INT TO SI'<\IE THE PEAk LlST",A-' 
::120 I FA.J= "'T"' THEIIGOSUB.2:' .:<0 
930 C·OTo.::::>o 
940 OPE11.20 J. 12 · 1 
::.50 tl=l ETS=CHR$(3) 
?6(1 FRit1Tli201,"DF;CA24" 
~70 ODS=STF·t(1080j+'',''+STRS~~3~0)+'',"+~TR$(6~SOJ+''.''+~TRSC9940) 

9SO FRINTII.201."IF'"ODI . 
9~~0 IIIF'LIT'' :.&:!!t1ANt~ELS OR :li!!!Ft'•'ELEIIGTH FOF: X t'tXIS" ;A:•:s 
1\JO(• PF:INT"ORIC•IIIAL Dil·lENS!Ot~·;." 
1010 FR ItlT" !l·IA'·..'ELENGTH FF':OW' ItH U·lll+ 1\J)/JI:I"TO" HIT O·IT•I O;o /1 £J 
1020 FR!tlT" OF: FROr-1 CHHIItiEL 1 TCo"TN 
10~0 F'RHH"ItiTEIISIT'T' FFOrl (1 TO"ltiT(!H/.85) 
IC•4(• HIF'LIT" :11!!!!::1·1 OR :.l:'!F I G WAL DIME1~SIONING"; QAS 
lll5C• IFC•>'Il="O"THEtl!l:?O 
I OS5 IFA:.:s="C "THEtlt~QS= "CHAIINELS" 
I 05.,; I FFl.<l= "W' THENNQS= "l·lH'·/ELEtluTH·;" 
106(• F·RitiT"EHTER)Mitl.r·lAX(";N~Js;"&>MlN.MAX<:(;OUNTS TO .&E PLOTTED" 
1070 IFAXl="C"THEN1140 
I 0:~:(1 I tiPLITWL, I~H .. 'T'L. 'T'H 
109C• lFWLCI·JHTHEtl1110 
11 00 I-IL=WO : ~IH=HT 
II h) ><L=ItiT((WL-IoiO>,'AC> :)<H=ItiT<<IoJH-W(t)/AC)+l 
1120 IF)<L>=£•AND)(H(=Ttl+1 THEtH 170 
1130 P~:II<T"OUTSir•E CHAIIIIEL LIMITS. CHOOSE AGAIN.": GOTO!OSO 
114fl I tiPUT ~:L. ><H. ~·L, ','H 
11~0 IF>:LC'l<HTHEN1171il 
11e0 )(L= 1 : ><H=TN 
1170 IF~'LC>YHTHEN11:?0 
1180 YL=O: 'T'H•IHr'. SS 
J 19C• ><LS=STF:S<XL>: XMS=STF:S< <XL+XH>r'2> :XHSa:;,TRS<XH) 
1~00 ~'.LS=STR:t('T'L): Y~lS=STF·s< <'T'L+'t'H>..'~): YHS=;TR:H'T'H) 
1210 QA:f=><:L:r+", "+XH:f+". "+','LS+", "+'T'HS+", I" 
1220 F·F:IIIT#;;OI. "SC"QFl$ 
1230 QE::t=>O:L:I'+". "+'•'LS+". "+::<H:I+", "+'T'HS 
12413 PRIIITll20!. "PA">•:LS", "'t'LS".PD" 
125£• F·RINTli2Ct1, "F·A"XH:J". "'T'L$", "XHS", "YHS". ")(LS". "YHS". "XLS", "YLS",PU" 
12€-Ct IFA:~S="W'THENI3:i!O . 
127"0 t~.::=lOO 
J2SC• IFXH-);L)J 1013THENH3=250 
1290 l FXH-XL>2500THEtiN3=500 
1300 FORI=>:LTO:•:H+I.OC•l 
1310 PRitHLCHRS<145) 
J 32C• 1 FIt IT(! /N3) IIIN3C> IT HEN 1350 
1330 PRINTII201. "SA;SI;DI0.1;F'A"STR:S<I>"."'T'LS";L0:3;L!-"El.J 
134,;. PRJNT#;;C•L "LEO; DI; FR"STRt:<I> ", "'T'LS"; Lut5; CF·I), -. 75; LB"STRS< I>ETS 
1350 tiE>:T 
1360 TTS= "C:HAtii~EL NUMBER" 
1370 F'RIHTll201. "LEJ; Pr'l")<\1·1$", "'1'L.S"; LIJ6; CPO, -.2; Lli"TTSETS 
J 3:;0 C;OTO I ~30 
1390 N3=100 
140.:1 I F"IH-I~L) 750THENt~3=20(1 
1410 I F'WH- .. JL) I OuOTHENt13=25fl 
1420 I FWH-1· L) .COOOTHEHtl3=500 
14 ~0 FW= It IT <I·IL/N3) .. N3 
1440 I FF'W<: < I~L -2li'F1C HHEIIFI~=FW+t13 
1450 I=<FW-WO>..'AC 
1460 IFI>~:H+2THEIH510 
1470 F'RIIITII201. "SA; LEO; SI; DI0.!; PA"STR.Jd >". '",>LS"; LIJS; LP-"ETS 
J 48i) F·R H1Tll2£l1. "DI; PA"STF:.r< I>". "VLS"; LOt5; CPO.-. 7~; LB"STRS(FW)ET I 
143(• FW=FW+t~3 
!SOC• GOTO 145!3 
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1510 TTS•"WAVELEtffiTH C"+CHRSC92l+")" 
15.20 PF:ItlTll201. "LE!;PA"Xf·IS", '"•'LJ'";L06;CPQ,-2;LE"TTSETJ' 
1530 NI = <LOC·<~'t-f-YL> /LOOC I~')> 
154€1 FF:=tH- IllT < N J) 
15~0 t~3=. 25.113·1"< I NT<N L• > 
156E• IFFR>. 3THEtlN3a2;ft<3 
157£• I FFR>. 6THENt~:3=2•t~3 . 
1530 FI=CINT<YL/N3>l$N3 
1590 IFFI<:>'r'LTHEHFI=FI+N3 
1600 IFF I) YHTHEtH 650 
16Hl F'P.ItlT#2Q1, "LEO; Sl; DI; PA"XLS", "STRS<FI >"; LOC:; LF ·"ETS 
1620 F'RINT#ZOI,"PA"XLS","STRSCFI>";LOC:.CP-.T~.0;LF"STRSlFI>ETS 
163C• Fl•FI+N3 
1640 GOTOI600 
1650 TT .J:=" IIHENS IT' .. " 
1660 PP.INT#C:OI, "LE1,PA"XLS", "'o'f'1S";I•I0, LCP0,4;L.04;L.B"TTSETS 
167€• F·RIIIT"THE CURREtlT PLOT TITLE IS:"; lP:I 
1680 INPUT"DO VOU Wt'<t4T THE SHf'!E TirL.E NOW";Hs 
16913 IFA:f•"Y"THEtH 740 
1 700 PR ItlT" INPUT TITLE OF PLOT" 
1710 F<Rit~T"UPPEP./LOWEP. CASE: .... ,-.,.• 
17~ PRWT"SUPER-/SUB- SCRIPTS: _._.," 
1 730 1 NPUTTF·s 
1740 TS="" :J>aO:FQRicJTOLEN<TPS> 
1750 Bf=MIDs<TPs,I,1> 
1760 IFBfc" ... "THENB•0:GOT01808 
1770 IFBS•".,."THENB•32:GOT0180E:I 
1780 IFBs<"A"ORBS>"Z"THENTs•Ts+Bf:GOT01901:1 
1790 Ts•TS+C~s<ASCCBS>+B> 
1900 NEXT 
1810 Ll-l=.266 L.H•.4S6 
1920 F'RHITII.Cf11, "SS; SI "STRs<L.W>", "STRS<LH::O "; DI; P>'t":':LS", "'t'HS"; CP2, -. S" 
1$30 FOP.l=!TOLE~<Ts> 
1840 f;S•MJI!S< Ts, I. D 
1850 IFFS•"-' "THEtiPRINT#201, "CPO,. C::S": GOTOI88•J 
1860 IFBS=", "THEiiF'RltH#2(t1. '•C?O, - • .::s": GuTOif:8l.i 
1870 PRINT#20L "LO.Z;L.E,"BSETS 
I 8:~(1 llE>c:T 
!830 PRIHTII~01,"IW"QBJ' 
1 :?00 PF: ItlT#201, "LT; SI" 
I .:<10 INPL•T":'STI'.F.T AND EtHI< OF F·LOT SE'-'r·1Et1T": c:.;;. c::• 
l :-;_.:, I FC8=C ::ITHENC 8=:•:L · C ~·=>:H 
1:;130 FORI=C8TOCSI 
1 :?40 PF: I NT" CHAt lNEL # " , l , " •• = •• " , D < I ) 
1:?50 F'RitiTII20l,"F'A"STRS(I)","STRSCD~I>+N>",F'D" 
1'='60 NE>o:Tl 
19<0 F'RINTII201,"F'U" 
I :?80 I NF·UT "PO 'r'OU WANT TO REPLOT Ft SE(;~1EI-IT"; F'S 
1~:?0 IFF·s•"II"THEti20:ZO 
.20:0:6 INPUT"DO 'r'OU W1HT ANOTHER PLOT"; AZ 
ZO:<O IFAs="ti"THEt1206(1 
204€1 PRINT#2EI1, "PG" 
~05(t GOTOSI50 
~06(• CLOSE20 I , 12 
20;"(t RETURN 
21)$0 INPUT" JlllO VOU Wl1t~T TCt DELtTE Ftti'T' F'EA~;s"; AS 
2090 IFAS•"ti"THEN2180 
:O:HlO INPUT"JIIlELETE PEAl'. #"; I•P 
211 0 I F!tP=OTHEN21 SO 
.2120 IFDPmNPTHEN216<'l 
2 DO FOP I =I•P+ 1 TOt IF' 
2140 F'<et. I-1 J=P<0, I) :p(J, l-1 >•P<J, I) 
2150 HE~-:T 

.2160 IIF'•NP-1 
21?0 GOT02100 
ZISO INPUT"I•O 'T'OU WANT TO ADD ANY PEAKS"; AS 
2190 IFAs="N"THEN2320 
2200 ItiPUT"NE~J WAVELENGTH, INTENSIT'r"'; W·J, IH 
2210 I Ft·JW=E•THEN2320 
22~0 FORI=ITOtlF' 
.2230 IFNW<P<O.!>THEN2250 
224(1 tiE>:T 
~~5Et NP=NF-+1 
2260 IFI•NPTHEN2300 
2270 FORJ•NP-!TOISTEP-1 
~2SO F'<O,J+1)•PCO,J>:P(J,J+1)•F'(J,J) 
:2290 HEXT 
2300 P<O.I>•NW:P<1.I>•NI 
2310 GOT02200 
232(1 ItiPUT"ARE VOU READ'~ TtJ A:-SIIJN THE REAL Wl'fVELE~IGTHS";AS 
0::330 IFAS•"N"THEN2400 
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~2340 FOR I= 1 TONP 
2350 F·•:rtiT"IM"EAI< ... I": "F'( 1, I) "COUNTS AT" It4T< 10.P(0, I) >/Hl 
Z360 I t~PUT" THE REAL Wti'.,.'ELEt"..'iTH"; llW 
2370 P<O .. I >=NW 
~380 NE:.~T 

Z390 PU="ASSIGHED" 
2490 INPUT"ANY It~TEHSITIES TO CHAt~GE"; AS 
2410 IFA~="N"THEII2470 
2420 INPUT"PEAK •";I 
24313 IFI=OTHEN2470 
2440 INPUT"NEW INTENSlTY";tH 
2450 P\1,I>,.NI 
2460 GOT024213 
2470 INPiJT"DO 'T'OU WANT A COP.,. OF THE PEAl< LIST";As 

'24S£1 IFAS=""'"THENGOSU:&720 
2490 RETLIF;N 
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2~130 !•ATA20, 13. 3, 35, 70. ;;, 36., 7S, 37, 86, 38, 90, 39, 93.· 41, 98, 42, 98, 44, ?5, 46, 99, 5(1, 77 
2510 !•ATA53, 67, 56, 5:;), 5J, 4:J, 61,41, 63, 35.65· 2::>, 67 .. 23. 5, 70, 15. 4, 72, 10.2 · 73, S. 3 
2520 .DATA74,6.35,75,4.55,76,3.35,77.2.1,7fJ,t.J,7SJ,.75,au,,4'JS.e1 •• 22 
2530 DATA81.5,.175,82,.16 
2540 FORI•GT030 
2550 READJ,K 
2560 PM<0,J>•J•1ee 
2570 PM(1,J)•LOGCK/100>/LOG<10) 
2:580 NEXT . 
2590 FORI•1TONP 
2600 FORJ=1T030 
2610 IFP(0,J><•PMC0,J>THEN2630 
2620 NEXT,] 
2630 Rf"•PM< 1, J-1 >+CCP( 0, I >-PMC0, J-1) )/ CPMC0,,]) -Pf1, 0, J-1) » •<PM< 1, J>-PM< 1, J-1) > 
2640 PRINTP\0, I>; It4H10~Rlli1000>r'1000 
2650 PC!,I)•P(1,I)/(10~P) 
2660 tlEXTI 
2670 P2Se"CORPECTED" 
2680 It4PUT" DO .,.OU WANT A L 1ST ItlG" ; AS 
2690 I FAs= ""'" THEHC•OSUB720 
2700 It4PLIT"DO YOU WANT TO SAVE THIS Otl DISK" ;As 
2710 IFAS'"""'"THENGOSU1l2730 
272(! RETUf'·H 
2730 INPUT"TITLE OF PEAK LIST";Ts 
2740 OPENS, 8, 5, "0: "+TS+", SEQ, WRITE" 
2750 PRINT.5,NP;LFS;CO;LFS;P1S;LFs;P2S;LFS; 
2760 FORI•1 TOtlP 
2770 PRINT.S,P<0,I>;LFs;P<1,I>;LFS; 
278(t NEXT 
2730 CLOSES 
2800 PETlii'H 
2S10 INPUT"WHICH PEAK LIST";TJ: 
282£1 OPEN:3, 9, :;:, "0: "+T$+", SEQ, REAI•" 
2830 INPUT.3,NP,CO,P1S,P2S 
2940 FORI=!TONP 
2S50 INPUT.3,P(0,I),P(1,I) 
~S6C1 t·4E}<T 
.2870 CLOSE3 
21380 PRINT"JliiiJ'IT THIS POINT:" 
2SS'O PRINT"THE WHVELEI-IC•THS ARE"PU 
2900 PRINT"AND THE H:TENSITIES ARE"P2S"FOR PNT EFFICIENC'r'" 
.'!:?10 GOTOS;"O 
3(1(10 HN•0 : SX=0 : S'•'•0 : >-::<a0 : X't'•0 
3005 PIS=P1S+",LEAST SQUARES FITTED" 
3010 PRINT"CHAtmEL NO,, TRUE WH'.'ELEH(.;TH" 
3015 IHPLITLX, L'r' 
3020 IFLX.,0THEN3fl90 
3025 LX•P<O, L~D 
3030 Nll=t1N+1 
304•) X.,.•X.,.+L>:!tL.,. 
30513 S)<•SX+LX 
3060 S.,.•S.,.+L.,. 
3070 XX•XX+LX'T'.2 
308t:1 GOT03010 
309Et .SB,. CS.,.li!XX-X.,.IfSX )/(Htllf)<X-S>-: 1·2 > 
3100 MM•CNNif)<'T'-SX*S't'),' CIIH!ItXX-SXt2) 
3110 PRINT"Jl..EA'ST SQUAF:ES FIT:" 
3120 PRIHT"EEST WAVELENGTH•OLD WAVELENGTH•"; rrM; "•"; ~:.: 
313C• FORI•1 TOt~F· 
3140 F·co, I >•Bll+Mr·TIItPCO, I) 
3150 NE)·;T 
3150 INPUT" DO .,.OU W~NT A COP','" ; AS 
31713 IFAS=""'"THENGOSUE720 
3180 RETURN 



.• ' 

100-240 
260-370 
430-670 
720-800 
940-2070 
2080-2170 
2180-2310 
2320-2390 
2420-2460 
2500-2670 
2730-2800 
2810-2910 
3005-3180 
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Reading spectrum from disk copy from "NICOLET->PET" 
Determination of highest and lowest intensities 
Peak finding over a cutoff of CO 
Peak printing subroutine 
Subroutine: Spectrum plotting 

Peak deletion option 
Peak addition option 
Peak assignment 
Intensity change option 
PMT efficiency correction 
Disk save of peak list 
Reading of peak list from disk 
Subroutine: Least squares fit of selected lines 



C. Program "P & R PLOTTER" 
40 tlaO' Et~=CI· ET l' 2 CHRJ:<3i 'LFJ:=•:HF·S< 13) 'SPS=CHRS<2:=-.o 'T=O PCS=CHF<'$( 111 > 
50 F!r=" 9-?-319.9·? ~·:·~•.> 9:.1.:?c• ::u.,_ ... 
60 OU=" WWELEtlGTH ltlTErl·:;IT'T" POP F.HTE" 
7~J DirRJL(500 >, E·=SUO:., Ft~,.~Cn)), ;:.H•.50ll), EU\3(·(D. TE1·<.3UC1) 
·:;o Dlt-1LI ( 15(1). HH 150•, PH( 150-.. PF'O: 15Ll··, SF··.! =·•).>, SF:·~ 15<.1) 
85 !1 Ir·1IIL < 1 50> . fi •. 1 ) 150 > , 'v'H ·. 1 , 1 5;.) .:0 , f: < 1 , 1 .• , ~J< 1 5.,:t .' 
90 F·F: I NT" :"lWF·EF:. 'LCII·IEF: C H·:.E -'-.. .,. .. 
)(11) PRI<IT"SUPEF-.·'SLif'- S-:F<'Ii'·T~. -',.," 
llll ItW'JT"TITLE F')F F_CT". T::·r 
1..:.0 !t,F'I.!T"HtfT' F·.~F· DHTH CHl D~·::.r.";HJ· 

i. ::o I~Ht= ".,."'THEt,GOTO~(·•:~.~~ 

~-=-~ I~~~·!_!T"H•r.,.· ;_ltiE r • .;TFI (It~ t~r·,;;t~";FiJ· 

1.>:: IFH:="~l''THEtn:.t:~ 

t.:(t (.(I·;.;JE: 11 ~-o C··)T0-2::0 
:-::,:, I'" Hn .,,_ ·.:o .. -u .. ·zo,:: 1:trHnu <o 
:t.;) i'R!I<T":"l·IFi'·.-'ELEI~C;TH, CL•RRECTED rtnEIISIT'r'" 
1 ;- ~· F·F: It I Til+ 1 .. 
1 :~:.:1 l r 4F·UTl·Jl, It4 
: ,,0 I FI·IL=OTHE1~230 
.:-X• LI,H+!)=I-IL'ltl<N+l)=III 
.21(1 ll=H+l 
.2.20 GOT01513 
Z3tt F·RINT"F·REPAF:E PISK RECOF:D OF rlETAL. Ellt::RC.'i 
240 GOSLII:12C•O 
~50 ItlF'UT">HIGHEST POSSif<L.E E LE·..'EL<:"; HE 
.<:60 I FHE=CITHENHE= 1 0(10(1(1 
265 ItiF'UT"SUF'F'PESS HAF:D CCIP'r'" :H::;S 
266 IFHSS:="'I'"THEII.36(• 
.27"0 OF·ENl ·4·0F·Et~2.4.1 '0F'EIG.4.2 
280 F'R ItHIIl . ·:::P$, SF·J: ; 
2?0 FCIF:M= I TC•LEII( TP:f' 
300 IFi1SC' r·H!•I-:TF·t, M. 1 > >:>=1 T4THE1~320 
3 10 p.;· lilT Ill , r1! !It:< TP:f .. M .. 1 .. • ; 
;:,;o tiE: :T 
3.3~• F-RitlTIIl .. CHRn147> 
34(1 FP !tiT II!, LF J:LFfQ1 :fLFS:LF .t 
;!50 PRitnll:;:, FU 
;:r;:;.:, 'T'l = 1 0(1: •.,• 3= 100: ','.2=-1 O~oJ: Y4=-10(t 
37"0 FCIF:I=tTm<E 
.:;.~.0 I~EU( I >::HETHEH650 
3:.:..) t~W=(1 

3_:.5 IFH:;S='","'THEN410 
40(1 PRHITIIl,I;".";EU<I> 
410 .,C•F:J=l TOHL 
4ZC1 IFE<J<:>ITHEN5(10 
43Cl FOF:K= 1 TON 
440 IFLI<K><:>WL<J>THE11490 
45(1 IIW=NW+1 
455 G•~*CVAL<MIDS(TE:f<.I),3,3)))+1 
46C• TR( IIW)=L.OC• <I tl(k) *:;;A, J >,·'G)/LUG( 1 (1 .' 
470 TF· OIW>=LOC"~ ( IIIOO*~A<J) ),··(G*Ad >))/LOG< 1(1) 
47"5 IFH·;:r,."'r"'THEt1490 
4:;::0 F·R HIT II<:, L!(f.:), HIH Iti(K >), TP<NI.I>, TR<NW) 
4~~(1 IIE>:T 
:;(1(\ NE>,:T 
51 (1 I FIIW)OTHE1~530 
52U SR (I )c-;;: SF'( I >•-2: GOTCII'!.QCt 
530 I FIIW= 1 THEI~SSO 
540 GOSUF.131C1' GOT0570 
~50 F:A<. I >=TR< 1) 'F·P< I )•TP< 1 > 'SR< I >=-1: SF·< I >•-! 
560 I FSF: <. I) =-;2THEN66e 
570 IFSR< I>=-1 THEH600 
575 IFHSS:="'t'"THEt·l600 
5SO PF:IIITII1. SF'SSF':f; "F·OPULATIOtl="; PP< I);"+,/-".: SP< I> 
530 F·RHITIIl. SPSSF·s. "RATE="; RA< I);"+/-"; SR< I> 
600 I F'r' 3>RA < I > THEN'r'3=RA < I ) 
610 IF'r'4(RA< I >THEII'T'4=RFI• I) 
620 IF'r'1>PP( I >THEtl'r'1=F·F·( I-' 
63(1 IF'r'Z,:F·P( I >THEN','2•F·P< I.> 
640 C·CI TCu~t.O 

.c;so ·:.~:r. 1 )-=-2 SF'< I J•-2 
660 tiE:·:T 
665 IFHSS•"Y"THEN6So0 
C:70 F·RINT.l, CHRS< 1S') 
O::E:O CLOSE 1 ' CLOSE2: CLOSE3 
6SoC• FORM .. ITONE 
700 IFEIJ(M))HETHEN730 
71(1 IFS~<M)(-1 THE11730 
7;20 XH•EU<M) 
730 t~E)·:T 

LEVELS AND LINES" 
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.. . 

.. 

740 
750 
76tl 
770 
780 
790 
soo 
SIO 
8~0 

Cc-:30 
840 
850 
860 
865 
870 
sao 
ass 
s~~o 

~ou 
.~10 

:?~lt 
~,j(t 

IHPUT"SAYE Otl D!SK";AS 
I FA:J= ""'" THEt~GOSUB2280 
IHPUT"IlO "'OU WF<tH A POPULATION F'LOT";AS 
IFA.J:o"N"THEtlSSS 
"'L='II : .,.H=.,'.<:: TzT+.I : .,.O=Y.C 
T'a=" LOG <l':..t:LATI'v'E ""f'·"TOF·ULATIOtO•" 
CPS=STRSC-13>=PT.J•"P" 
GOSUBI410 
WPUT"DO 'T'OU WAtlT A LE11ST SIJUARES FIT FuR SuM£ OF THE t11'lTA"; AS 
IFAS,."H"THEt188S 
!NF'UT"RAHGE OF E YALUEi;, LO. HI";ELE..i: 
OOSU1>2060 
!NF·UT"AHOTHER Llt~E";AS 
I FFtS•"N"THEt~€185 . 
IHPUT"LO.HI";E1.E.2 
GOSU.S.?tGI60 
HIF'LIT" DO ·"'OU I~RtH R RATE PLOT" ; A• 
lFAS="ti"THEtllllll 
T'L='r'.3. 1T'H•'T'4. T=T+ 1: "'l1='.,'4 
T','S=" LOC· .;P..t:LRTIVE ""f'-.1'1rE•:•" 
CP.J=STFIC-10• PT1="F" 
(;(I·:O·LII 14 1 (1 

~>-I (I !tlF UT" tu) "'OLI IJAUT R L ItiEF<F: LEAST SWUA~.ES F J T ";,:O.J 
::''50 lFAI='"•"'THEtK•OSLIB3•)1Xt 
1C.:SO ItiPIJT"DO ''(Ill I·IF<tiT Ati'T' C•JLLI·~IOtl F:I'ITE COtiSTHtlTS CHLCLILFtTED"; AS 
1 J?;Zf I FAS= ... ,. ~~ THEt~c.cl':.ui.4C100 
10:?1 ItiF'UT"HOI·J AE:Cti_IT A t~Oti-LitiEH"' FIT";RJ' 
1 (;~>;;; I FF<S= " .... " THENGOSLI!<So.)OO 
1100 CL(I;.E.~OI 

IIIQ Etlt• 
11.~0 ItiF'LIT"TITLE OF F·EAK u·.;T";T.J 
II ~0 OF'Eile:, 8, S. "Ct: "+TS+", :.;EO. F:E11D" 
1140 ItiP:JT#S, tl, CO, PU · P2:1 
115(1 FORM= I TOt I 
11.,;u ItiPUT#S, LI <M>, IN<r1> 
1170 tiE:.:r · 
11 S,) CLOSES 
1190 RETUF.:tl 
t;;;oo ItiPLIT"HAME OF DISK RECOF:D"; TS 
121\:1 C•PEt<5, 8. S. "Ct · "+Ts+", SEQ, READ" 
1220 ItiPLITliS, IlL, tiE 
123·) FOF:r·l= I TOtlE 
1240 INF'UT#S,EUCMJ,TEs<M>,ACM) 
1.<'5t\ ttE:(T 
1 .;::e;CI FOF:M=1 TONL 
127'0 It~PUT#S, WL CM>, ECM), EL, GF, S>t(M) 
1.?E:O tiE::T 
1:;:~0 CLOSES 
1300 RETURN 
131(1 RV=0:P',1.,0:RD=O=PD•£• 
130:0 FORM= I TOtlW 
1330 R'v'=R'•'•TIHM>: P'·/=P'./+TP<M> 
1340 HE>:T 
13~0 F:Ac I >=R'v'/Niol: PP< I >•PV/tiW 
1360 FCtRrl= I TOtiW 
1370 RD=<TI<:<M>-RFt< I>> 't2+RD: PD•<TP<M>-PP< I)> 1"..::·•PD 
13SO HE~<T 
13.l'CI SR< I >.,SQR<RD/(tiW-1 > >: SP< I >•SIJR<FD/O~H-1 > > 
1400 RETLIRH 
1410 IFT)1THEH1470 
1420 OPE11201, 12, 1 
14:10 F'RIHT#201, "IH; IW;DF;Cf;24" 
1440 QD:I'.,STR:f( 1090>+", "+STf;:$(2340>+", "+$TR:I'<6C:SO>+", "+::;TRs<9~40> 
14~(1 F'RIHTIIZ01."IP"QDS 
14'51 )(L=EU<l > 
1452 FORII=1TCttiE 
1453 IFSRCI 0>-2THEN1460 
14~4 :·:LeEU ( I I> 
14~5 HE>-:T 
1460 XL•< lt~T<XL/1000>-1>11!100\:i: XH•< IHTO<H/1000>+1 )11!1000 
1470 ~·~J•VH-"'L 
14$0 IFT>1 THEUF'RINTII201, "F'G; IW" 
1490 'I"H"''•'H+'r'Wll<. 2 : "'L•'•'L -'r'I-JII!. 1 S 
1500 "'LS=STRS<.,.L>: .,.M:I'•STF::I'C <"'L+~'H)/2): YHS•STRs<YH) 
1510 ::LS=STiao;:.>: XM:J•STRS:< <XL+XH)/2>: XHS•:i:;TR:HXH> 
1:5~0 OAJ:=~::LS+", "+XHS+H, "+'r"l.S+", ••+*t'HS+", 1" 
1530 QBS:=>~t...f:+", "+'T'L$+", "+~~HI+", "+VMS 
1540 P~It1Tli201,"SC"QA:I' 
1S!.Q PF:It1Tll.201, "F'A"::L.S", '"i'LS" ,PD" 
1560 PRitiTII2\J1, "PA"j.:Hs", ""'LS", •:<Hs", "'IHS", "XLS", ""'HS", "XLS", ""'LS" ,PU" 
1 ~7"J H•20(H2t 
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158(• I F~:H-XL:; 2500CITHEtU~•400EI 
1 =·~<(1 FORM=;':L TO;;HSTEPtl 
!6(10 F'R It<T11201, "SR; DIEI, 1; PA"STRS<m", .. .,..L$"; LOS; LB-"ETS 
1610 F'~: ItlTIIC:01, "LEO; DI; L06; CF'\L -. 7::;; L.E>" STF:$ •. M/ 1 Ol<lO >ET.f 
16.20 tlEXT 
162C• TTS:"E...,U-' >< 10-'3, <CM-'-h)" 
1640 F·RHIT11201, "LE1;f"fi"XT·IS", '"•'LS";LOG;CF'-9,-3" 
1 650 GO SUE: 1920 

'1670 F'RIHT11201, "SS;Sz.;:;, .61;DLF'fi"Xrl.f", ".,..Hs";CP0,-.9" 
1680 TTS=TF'$: OOSUE: 1 :02€• 
1690 F'F:IHTII201, "SA; LEO, DI; L03" 
1 700 FORM=OTO I tiT< .,..H-'rl.) 
17W F'~:INTII20L "F·A"::Lf", "STR.f(','ld-M;";LB-"ET.f 
17..:0 !FMmOTHENPF· IHT11201, "CP-. 75, 0; L!l"STF:St.M>ET.f 
17;;5 IH1::0THE~lF'RINTII.::£l1, "C:F'-. 75, 0, LB ·"S rl<s<M>ETS 
17'30 tlE:;r 
174·) F·F:It<TII201, "LE1;DIO, 1;F'A">:Ls", "'tM.f";CF'"CF·s".3" 
l 75(t TTS•T 1TS 
1 7.;:.) C•ClSUE 192() 
17'70 F'RlNT11.201,"SI.3 •• 61;D&;S~;L~5;IW"QE.f 
1 780 FORM= 1 TONE 
1730 IFSRCM>•-2THEN1900 
19(10 IFPTfO"P"THEIUS.20 
1310 "''..I•PP<M;• :SD•SP<rn :GuT0193~ 
18..;:0 'r"•'•RA < M > : SD•SR O'P 
1930 PRINT.201,"SM"F'C.f";PA•STR.f<EUCM))","STRS<.,..V>";SI1" 
1840 I FSD•-1 THEIH 900 
1650 IFSD).016$C.,..H-.,..L>THEN1880 
1960 F'RINTit.201,"SI1+;PA"STRs<EUCM>>","STRSCYV>";!>M" 
187(• (;OT01900 
l8~:.:1 PF· ItiT11201, "SM-; F't'I"STF·r ( ElJO·D)", "STRS •. '•"·.:•·;r, •" ; ·~M" 
18?0 PF: ItH11201, ":;M- .: F'RP!•"STF::r,EU< M; :•", "STF:S· 'r",.'-·;r,_,". F'U.: $1'1'' 
~:?lt(t tiE:.::T 
L> 1 o F:Eru;:.r4 
l ::..;:(! T I="" I:=(• FOF:t1•1 TOLEt4•. TT s .l 
L:.::(t BS=I~l!<I< TTS.tf .. I·, 
t :?·H) I FE: t= ..... "THEtlf:=t\: C•OTO I ~-~'l' 
I :~'5.:• I FE:S=" T" THEfU:= ;;.;; (·OT(I I ::.:;•J 
1 :?f.•:• IFE:r ~ "R "CIF:!:S > ":" THEtn .J"T r+BI: C·C•TCil ~>8lt 
1370 Tl=TI+CH~S~ASC<BI.o+B) 
l :.:.:=;(1 t~E:..:r 

1~>::.(1 FC•F·r·l= l TOLE140:T:J:• 
.2000 BJ•MID.J<TS,M,1) 
:.:Ct!•) I~f:f=" 4 "THEilF·~ItlTII.201.· "CF'O, .~5" :(,OT0204~1 
;u.;;;;:t IFBr=", "THEt4PRitHII201, "CF·(1, - • .25": GOT0..::04~i 
.2.:•::0 F'RitH11~01, "LO~; Ll:"B~ETS 
..;:Ct40 llEl:T 
~1)5(1 ~:ETUF:Il 

2•:.6:;:1 IM=O s:;=o = s·~=e: xx•e, ><"'"'" 
.::07'0 FOF:M• 1 TOtlE 
.2080 I FEU O'D <E 1 THEN4: 1 eO 
.2€190 IFEU<m)E2THEN2170 
.21C•C• IFSF:aD<:-1 THEtl211i0 
..:110 1414•NH+1 
.21~(1 :::;•,·=~':'r'+EU<MH•PP(r1) 

21 :;.;. s.;::=S>:+EU<TD 
214ll S.,..=·;'T"+F'F'<T1> 
21 5€'1 X~·:=.~<~:+< EU < M) ) "t2 
;: 16C• t4E;<T 
217'0 El£=<S'•'*XX-X'r'*SX)/CNtl•)<:X-SX1'2> 
.<:180 MM•(Nil$:=:'r'-SXli<S'T')/CWllt:~=::<-s;;~,;:;) 

21!?0 F·RHH"THE SLOF·E OF THE LINE IS"; Mtl 
2.0:0(• F·RJilT"THIS COF:F:ESPOt~DS Tu A TEI·IPERATURE OF";-.6:0:49/MM 
2210 WF·UT"DO 'rOU WAHT IT DF·HWil Otl THE F'LOT";A# 
2:;:~0 IFAz=·•tr"THEt~2270 
2.224 IFE D=l<L+20€10THEilE1=E1-2li0(1 
2216 IFE.2 ::=:":H-20C•OTHEilE.;:;cE.2+2'.100 
;:.;::30 PR I t1Tit201, "F'RPU"STF::f< E 1 ;. ", "STRI (Mrl•E1 +fiB) 
.;::;240 PF'l14TII2(tl, "F'AF·I•"STF'S<E2>", "STR$t:MM*-E2+BB;>", PU" 
.2.25(1 F'P It1TII.201, "F'A"STF:S( ( E 1 +E.:>/2>", "S rF:s <MM•« E1 +E;2>/2)+BB) 
.2.26(1 F·F· It4TII;;;01, "SS; CF'l, 1; LOI; LB"STR:FO.: HIT<-. 6243/MM))" K "ETS 
;:;:;-c• RETURil 
z.;:;;::.) IHPLIT"TITLE FOR DISK RE::oF:D"; TDS 
~~::.:.o CtPEt~s .. a .. 5 .. Ho = "+TD.I•" .. sEw, l.JF:ITE'· 
~~UCt V•C1 
Z310 FOF'T·1=1 TOilE 
23~0 IFS.R< M)>=-1 THENV='·/+ 1 
2330 t4E::;T 
~84(t F·RIIITitS,V;LFS; 
~~:'5(1 FCtRM= 1 TOHE 
~::?6C1 IFSf::f.r·1J<-1 THEN~330 
2370 F·F:IHTII~. EU<I'D; LFS; PF'<M>; LFS; SF'CM); LFI; RA<M); LI'S; SR<M); LFf; 
~3~:~) NE::.::T 
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~385 CLOSE5 
.23:?0 F:ETLIF:N 
~:(1(") INPUT"Rf'<NGE OF VHLUES .. LO, HI"; EL E.2 
3001 INPUT"METFfSTABLE E (IN nr-1 >";EN 
3002 INPUT"TOTAL :E:•JND ENEF:C.'r'";E:E: 
3(1(13 EA=Er-1-E:Er 
30c1e; s;~=C•' s·,·=o '~~~4=0: xx-o ' X¥•0 : "'"'=0 
30 l(l FOF:M•1 TONE 
3020 IFELIUD<El THEN3130 
3030 IFEUCM))E.2TH8G130 
304(1 IF·;R{m(-1 THEH3130 
,045 IFSP<r1>=-1 THENW'"1 
3046 IFS~:<f1))a0THEHW=2 

3050 tlN=NtHI~ 
3050 T:,;=LOG<EA-EU<M»/LOG< HI> 
3070 TY•RA<M> 
3080 SX=S)<:+TXIIIW 
3090 S'1'•S'T'+T'T'IIIW 
3100 X'1'•XY+TXIIITY'IIiW 
3110 '1''1'•'1'Y'+TY'IIIT'1'111W 
31;;:0 XX•~·:::+TXIIITX*W 

3130 tiEJ:T 
3140 Dtl.,NNII!XX-SXII!SX 
3150 PO•( Nt411!>~Y-SXIIISY) /IrN 
3160 K=(>;XIIISY-SXII!X'T').-'DN 
3170 F:= <tMIIIXY-SXIIIS'•' )/(SWih tiHIIIXX-S;-<IIISXH•~QR(Ntr+Y'•'-SYII!$'1' > > 
3180 PRINT"ll~OWER IS ";PO 
319(1 F'RitlT"K IS ";K 
3;;:00 PRHIT"R r::; "; R 
3~0~ DV=O 
3210 FORLc1TOHE 
321.2 IFEU<U<EITHEH3230 
3214 IFEU(U)E2THEt~3;;:30 

3216 IFSR(L)<-1THEN3,30 
3217 IFSRaO•-lTHENW•l 
3218 IFSR(M>>•OTHENW•2 
3220 DV=DV+<RAO:L>-K-POIIILOO<EH-EU<L>>AOG<l0>>f~IIIW 
3230 NE>;T 
~240 I•'·.-'=D''·'·o~t4-2) 
~'.250 F·~:INT"tlPlSTir DEV IS "; SQR(Ir'·/) 
3260 FF: It4T" OF Pui~ER I·-· ", ·JQF CHt<+D'/,'Dt4J 
3.;:70 F'1Ut4T" OF f.; IS ";~;QF··:rr,•t.:,:>VIrtO 

.:-,;:8(1 !NF'LIT"I"J y'(IIJ I·JAt4T THIS (:LIF:'·/E I•FFt~Jtl Crtl THi: F'LCIT" .:Fu 
3.::~~0 IFAS="ti"THEtrF·ETUFtl 
3JOlt F'F: It~T #~I) 1~ "F .:.F U"S TF·J't. ~·:L .J ".· ":;. TF:Sd<+F·O•LCIG•.EH->-:L )/LCIO•.: 10 > > 
3810 F'F !1<711.;:(11. "F·I•" 
~.;),.:1) F,:rHt=: :L TO:•. ·:H':· TEF·,25 
:,_;:<1) FF' l tiTII.2('1 . "FA" S rr;·s (~1..·", ":3TF:.r ··r:. •F'O•LOG(EH-1-1 >,-'Lr)()( 10 >) 
~:34•) HE .. ;f 
;;"'o:,,:r FF·IrHII-":01, "F'U" 
n.:;o F:ETLrF<tr 
4(1(11) OF'EtH , 4 
4.:01(• IHPUT"EU( ;ll!!· ";M 
4015 IFN=C•THEt140b0 
4(•.0:0 CR=LCuJ-:t<+POif<Et'f-EU<M;•) )/LOu( 11:1) 
4030 I.O=A(M>rt< 10't<CR-Rt-HI•1J >-1) 
4040 PRINTIILEUUlj,~<.:Q 
4050 OOTCr4010 
406fi CLOSE! RETURN 
S00C• ItiPUT "FIT FOR WHAT Rt1NGE"; E L E~ 
5010 INPUT"POWER";PO 
50-":lil INPUT"OUESSES FOR K, EH";GK,C.E 
5030 v=e,Ns=o 
5040 FORt:= 1 TOllE 
5060 I FEU ( K > <E ITHEI~S 1 00 
5070 IFEU(K>)E2THEN5101il 
5E'I71 IFS~:(f<)#-2THEN~l00 

507;;: IFS~:<:I0•-1 THEHW(V+1 J•l 
S€173 JFSR00)•0THENI•hV•l>•SQR<2> 
507:? V•V+1 
50$0 NS.,N';+w~ V > f2 
50:?0 VAC:O, VJ•EU<K) 'VA< 1, V>•RH<KH•W<V> 
510t'l NEXT 
5·110 DK•0' DEc€!' S~•0 
51.20 FORI•OT01 
5130 c:s(r)=e 
5140 FCrRK•(•TO 1 
'!i 150 B< L 1()•0 
'5160 HE:-:T' NE>:T 
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~1:?0 FORJ=ITOV 
~.200 DLU:O•VH( I, J ·-t.I(J)$CCl~:+F'U*LOG<ClE-VR<C•, J) )/LOG< HI>) 
5ZIJ NEXT 
5230 FORJ=ITOV 
5;;:41Z1 D< fj, J J=WU) 'DO, J >•W(J 1*<. 4:<43*F'O >.•'CQE-VI'1<0.· J >) 
5250 tiEXT 
s,;;e;e FOF:I•OTOI 
5270 FOF<:J•I TO'./ 
526tt CB<I>•CB<I.+~CI,J>•DL(J) 

~~~S ~5~I~~f3I 
52 I 0 FORK=C•TCI 1 
5::.2€1 FOF<J•I TCo'·.' 
5330 B<I,K>•B<I,K>+DCI,J>*D<K,J) 
5340 ~~EXT' t~n: T tiE>:T 
5350 DT=E:<C•, , ••B< I, 1 >-BCO, 1 > 12 
5360 X•Bl0,aJ'B<O,O>=B<1,1>/DT'B•I,1>•X/DT 
5370 BC0,1>=-1•B<0,1>/DT'B(1,Q>=BC0,1> 
5.360 FORI=OT01 
53:?0 DI~=Dt<+B<fl, I >•CB< I)' DE•DE+~( 1, I H•LB< I) 
5400 t~EXT 

54(<5 GK=GK+DK 'GE•GE+DE 
541 (1 F·F: I NTGI<. GE 
54.;:0 C•ETSS' IFSt:=" "THEH5440 
5432 IFA:J•"'r'"THEN5000 
5440 IFABS<DK>;;.001THEti5110 
5450 IFAES<DE». 2THEH5110 
548(1 CH=F<O, 1 )/(SQRCB(O, O> >*::iQRCB< 1, 1 > > > 
5490 F'RINT"COF:REI..ATION I:i;"; CN 
5500 F·RINT" R1'2 • "; CN12 
5510 FCII<.J=l ro·.,' 
55;0:0 SS•SS+CVAC 1, J>-W•:J>•<GK+PU*LOG<GE-Vf1C0, J) )/LUO< 11:0 > > 1';0: 
5530 F'RitH "STD DEV OF K•"; 2*SIJF:CB< 0, O>*:.>S/CNS-.2)) 
5540 PF:INT" OF EI'1•";2•:;;0F'CB<1, 1>*::>:;;..-',NS-2>> 
5550 INPUT" DO YOU WAHT IT DRF!WN Otl" ; R;; 
55€10l IFAS="N"THEtl5575 
5570 EA=GE ' ~;=GK Gl•SU:t:::3l10 
5575 ItiPUT"HEW GUE;;S"; AS 
5~('6 IFAJ:="V"THEH5010 
5580 RETURN 
6(100 It~F·IJT"TITLE";TD:J 

601C1 OPENS,S,S, "C1· "+TD:f+",SEQ,READ" 
60.;:0 IHPUTit5.tiE 
6030 FOF:~1=1 TONE 
6040 ItiPUT•S, EU<M>, PP<M>, Sf'(M), Rt1CM1, SkCM> 
6050 NEXT 
6060 CLOSES 
6070 XH•EU<M-1> 
6075 INPUT"POP' VLOW, VHICll-l"; 'r'1, ~·2 
60130 INPUT"RRTE: VI.. OW, 'r'HlC<H"; V;J, V4 
5090 GOT0760 

90-110 Formatting of title of plot 
150-220 Manual input of wavelengths and intensities 
270-680 Printing of rate and population calculations 
455-470 Rate and population equations 
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600-640 Finding the extremes of populations and rates 
780-800 Set-up for population plot 
900-920 Set-up for rate plot 
1120-1190 Subroutine: Recall of peak list from disk 
1200-1300 Subroutine: Reading of metal lines data from disk 
1310-1400 Subroutine: Calculation of standard deviation for 

the rate and population averages for each energy level 
1420-1910 Subroutine: Population and Rate Plotting 
1920-2050 Subroutine: Printing the plot title 
2060-2270 Subroutine: Calculation and plotting of tempera-

ture 
2280-2390 
3000-3270 

Subroutine: Copy of P & R data on the disk 
Subroutine: Linear least squares routine for best 

rate curve 
3300-3360 Subroutine: Printing of difference between calcu

lated and observed rates 

... 

.... 
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5000-5580 Subroutine: Nonlinear least squares fit for rate 
plots 

6000-6090 Subroutine: Reading P & R data from disk 
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