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Metal Atom Fluorescence from the Quenching of
Metastable Rare Gases by Metal Carbonyls

William E. Hollingsworth
Materials and Molecular Research Division
Lawrence Berkeley Laboratory
and
‘Department of Chemistry

University of California
Berkeley, California 94720

Abstract

A flowing afterglow épparatus was used to study the
metal fluorescence resulting from the quenching of meta-
stable fare'gas states by metal carbonyls. The data from
the gquenching of argon, neon, and helium by iron and nickel
carbonyl agréed well with a restricted degrees of freedom
model iﬁdicating a concertea bond-breaking dissociation.

The bimolecular production 6f fluorescent iron atoms
from the quenéhing of metastable argon states; pri-
marily‘3P2, by Fe(CO)5 was studied in detail. The estimated
totél reaction cross-section was measured by ébsorption

l.sec'l, giving

techniques to be about 1.6 x 10~11 cm3 molec™
a 4 A% 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(CO)g,
Fe(CO)g was found to have a rate constant for quenching Fe

states that was at or above the calculated hard4sphere
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cross-section. ' The distribution of levels lying less than
206 cm™t apart closely matched a Boltzmann distribution.

Fluorescence of ﬁetal states was observed from the
quenching of the argon metastable states by Cr(CO)g,
Mo(CO)s, Co(CO)3NO, and Fe(CSHS)Z’ and from the guenching of
the helium metastable states by Mn,(CO);q-

The reaction chemistry of the iron and nickel metal
atoms was impractical due to the direct reaction of reagents
with the parent carbonyls. iNo metal compound fluorescence

was observed for the reagents tried.

LJ 3
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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 thé 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.
energiés. 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 ére in fact

forbidden to fluoresce to the ground state on the same time

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

stable" stétes are theoretically on :the order of seconds
(Stedman and Setser, 1972); however, they have other
methods of relaxation faster than spontaneous fluorescence
available tb them, such as energy' loss through collisions
with Qalls and other gaseous species. For example, for the
argon metastable state at about one torr of total pressure,
this _collisional deactivation is on the. order of milli-

seconds, so these statés‘are_still long-lived when compared



to the higher states with allowed ﬁfansitions. 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 gaé 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 are all lSo, cor-
respondimg to a cldsed outér shell of (n)p6 (or ls2 for
helium). The first excited states are_created by promoting
an electron from this ciosed shell to the higher (n+l)s
level. For helium, there are two possible states
produced: the 1Sd and 351' For the heavier rare gases,
there are_fdur: lPl; and 3P0,l,2‘ vWith the selection rules
AJ = 0,21 but J = 0 cannot go to J = 0, there are two states
for each rare gas that are forbidden to relax to the ground
state:- both of the He states, and the 3P2 and the 3P0
states for the others. These metastable states, and their
,enefgies are listed in Table I. Radon, lying below xenon in
the periodicntable, is also a rare gas,'but its use is pre-
cluded 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

I
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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 energy to one another and are very

similar in character. For the heavier rare gases, the major

venergy carrier 1is the 3P2 state, Due to ‘the 2J+1 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

3Po'state to lower states, thus giving it an effectively
higher quenching rate constant (Kolts and Setser, 1978).
Experimental verification of this will Be discussed in
Chapter III.

" The >flowing afterglow technique was ‘pionéered 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 té the rélative experimental
simplicity of the method and its rich 'applicability to
problems of chemical interest. Setser has done extensive
work in chemical applications and has comé out with several

very useful review articles (Stedman and Setser, 1972;

"Kolts and Setéer, 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 érgon (Stedman and

~Setser, 1970; Piper et él., 1975). This reduction in cost .



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 limited to the rare
gases. The number of atomic and molecular species which
have suitably lo;g—lived excited states 1is quite 1large
(Kolts and Setser, 1979). However, the use of molecular
states, such as the Oz(lA) 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.
Meﬁastable rare gas atoms are very reactive. They will
react with essentially everything but 1lighter 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 Het and He2+ 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

Tu
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probiems of caialysis and surfacéAChemisﬁry (e.g. Schaefer,
1977;  Muetterties, 1977; Muetterties et al., 1979). In
addition, metal atoms are very reaétive 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 fo:3the "refractory"”
metals whiéh are extremely high melters, existing at room
temperature as solid chunks with wvirtually no vapor
pressure; this c¢lass includes most ofv the transition
metals. To get even 1 micron of vapor pressure for most of
these metals . requires heating to over 1300K (Klabunde,
1980).

- Most methods that do exist for the production of metal
vapor are not very selecﬁive as to energy. or cluster size.
Methods using techniques such as high tempefatﬁre furnaces
are able to produce sufficient concentrations for study, but
with a large variation in the enérgy1of the atoms and mole-
cules and an.unspecified distribution of molecular size,_and
the necessity of working at high temperatures infroduces 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



photolysis of a beam of iron cérbonyl.

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 fhe 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 generaily
weaker than the metal-ligand 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 cdllective 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 o-type bond with
the metal is not sufficiently strong to éxplain 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 éarbonyls are very volatile. Fe(CO)5 and -

e



[

Ni(CO), are bbth volatile liquids whereas hany_of thé other
mononuciear carbonylé aren volatile and easily sublimable
solids.> Polynuclear metal carbonyls, such as Fe,(CO)g:and.
Mn2(CO)lo, are generally‘ less volatile solids, but still
with more vapor pressure than the metal and often suf-
ficiently volatile to get én 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(CO)g; only very durable iron crystals femained (Horék,
1982). |

The physical properties of the carbonyls aré not
extremely 'well—dgcumented and thé information that does
exist is very scattered. An incomplete compendium giving a
taste of the physical properties for some of ﬁhe smaller
carbonyls is listed in Table II. -The list éould be made'av

lot longer by considering similar classes of organometallic

compounds; that is, a whole classes of compounds exist

containing a mixture of CO and other 1ligands such as NO,
alkanes, and the cyclopentadienyl moiety, CSHS’ 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-l-l.lv

-Also not well-documented are the ﬁoxicities of the
lThe references used for Table II and Figure 1-1: Abel and

Stone (1969); Cotton and Wilkinson (1972); = Lagowski
(1973); and the 1982 Alfa Catalog. '



carbonyls. Always: §resent is the hazard of the possible
release of carbon monoxide molecules. Iron éarbonyl_ is
moderately toxic. However, nickel carbonyl, one of the
original suspects in Legioﬁnaire's Disease, 1is rated
dangérous in the part per billion range and 1is very
difficult to handle safely due to‘its high volatility and
its heaviness which makes it hard to exhaust. 1Its effects
can be either acute from the combined effects of CO and
niékel 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(CO)S. 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(CO)S.

It's been known for some time that iron atoms can be
produéed from the flaéh phofolysis 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 ﬁhat if one wefe to feed lesser amounts of
énergy into the carbonyl, still greater than, but on the
order of, the total bond energy, that there’ wouid 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

‘1)
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spontaneous fluorescence}

- The first indicatibn that-the'energy migﬁt»go different
ways was an afterglow experiment where unexpected metal
fluorescence was . seen from the interaction .of active
nitrogen (A32) with iron and nickel carbonyl (Brennan and
Kistiakowsky, 1966). In fact, this process was discovered
aeciaentally; no Ni(CO)4-was officially present,vbut was
accidentally formed by £he 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 multiplercolliéions with the

active nitrogen.
Next, in our group, using a flowing afterglow'system

providing metastable rare gas atoms, the interaction of iron

- *
carbonyl with Ar was tested. The very surprising result

was a strong bluish flame, which was-the4c1ean-fluorescence'

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

“metal atoms were produced in a single step by the process

* *
Ar + Fe(CO)5 + Ar + Fe <+ 5CO [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 has since been

confirmed by molecular beam studies (Snyder et al., 1980;
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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 afgon, neon, and helium (Hartman, Hollingsworth,
and Winn, 1980).  All spin states of the metal were
observed. The data was fit to a statistical model, aboqt
which more will be said in Chapter IV, which suggested
either a concerted, or stepwise, but very fast CO ligaﬁd
loss occurring before molecular rearrangement could occur.
This conclusion. is based on the data fitting best ﬁo 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 hethods 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 (Hordk, 1982; Hordk and Winn,
to be published), and recent work in our laboratory has
shown that electron impact also yields iron fluorescence.!

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

lrhis work was done by Brian Hale.

)
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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’ o+ Fe(CO)g reaction is presented and more.ahaleis has

been done for some of the systems previously studied. In

addition, new spectra have been obtained with some other

. carbonyls.
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Chapter II

Experimental -

As discussed in Chapter I, the bésic experimental
method employed was thét of a flowing afterglow apparatus,
as modeled after Setser's basic déSign (Stedman and Setser,
1972); A séhematic view of the apparatus is given in Figure
2-1. The major part 6f the apparatus conéisted of a stain-
less steel chamber with ports arranged on all four sides and
the top aé 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. AvWeich
mechanical pump Mode1'1375 pumped the whole apparatus. 1Its
pumping .speed of 1000 liters per minute translated>into a

1 at 1 torr of argon.

measured gas flow of 7.3 x 103 ch sec”

The ports c¢ould assume various. functions. The one
facing the monochromator was.fitted with a window in order
to feed the reaction chemiluminescence to the mdnochromator
entrance slit. The upstream port 'admitted the discharge
tube into the chamber wiﬁh a cajon-coupling connection. The
downstream port coupled to a foreline léading td the pump.
The top port and the ‘femaining side port (opposite the
window to the- monoéhromator) 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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foreiine. Its output of 0-10 volts d.c. .gave directly
relative pressures in the range of 0.0001 td 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 gquite small.
The experiment consisted of the following basic steps:

A) Production of thé 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 H,0, 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 bmetastable state was
relatively unaffected by its use. A titanium oven was
briefly inserted in the line before the trap to remove N, by
adsorption, but the constriction it caused in £he fiow rate
made it impractical. |

-The gas was excited in a d.c. electric discharge of
around 275 volts with the negative electrode 1lying
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 very
efficient, is governed by the diameter of the tube. The
larger the aiameter 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 1lighter, and thus
faster diffusers,} this size tube. was less efficient for
their metastable productionsw

Holee 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 cmblong cylinders,
roughly 1 cm in diameter and 1 cm 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 métastable 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 preéent 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 1low argon pressure, the flame was short and
sharply defined. 1In 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(CO)4 and Fe(CO)S 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

) wrappingv 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 conﬁection. Without a
valve‘ in the line 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 gléss tube. But without a valve in the
line, there was little controi 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

excépt;for'the higher pressures of the carbbnyl. "The dnly

recourse was to measure the carbonyl flow separately. It



18

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 gfeater. 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 withoﬁt argon present for larger pressures where the
combined measurement Vwas poséible. This calibration wés
used to extrapolate to the lower pressures of carbonyl
measured directly with no argonvpresent.

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
onevenergy level of the gas. The most troublesome for Ar
was trénsfer to the N2(C3nu) level which resulted in the N,
(C3Hu+83ng) transition which gave strong band heads at 337
nm, 358 nm, aﬁd 381 nm. In addition, background H,0 would
lead to the OH(A22++X2Hi) band appearing strongest around
300 to 315 nm. For helium, the_N2+(B2£:+XZE;) was a very
strong band system appearing strongest at 392vnm..

The . problem withrthese band systems was that first, it
was impossible to eliminate all of the nitrogen and the
water, and second, the gquenching resulted in - the 1lessening
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 hetastable concentrations through band
strength. 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

monochrﬁmator, 'capablé 6f double pass operation. The
entrance and exit slits were continuously adjustable up to
1500 microns (l.5 mm). Typical experimental.cpnditions of
1000 micron slits and single-pass operation gave a
resolution of about 2 A (O.ZInm). An RCA C31034 photomul-
tiplier tube cooled to dry ice temperature was used to
detect the signal. The wiring diégram used for the photo-
multiplier»tube is shown in Figure 2-3. At dry ice tem-

perature, the dark count was 3 counts per second. Tube

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

conducted a calibration of thé relative response of the
photomulti?lief tube versus wavelength with avtungsten-fila-
ment incandescent>lamp bi comparing experimental intensities
to calculated intensitiesvof‘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
always ‘normalized against this curve to eliminate PMT
effects. For wavelengths below 3SOOVA 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 1in 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 coﬁsisted of either scaﬁning
the monochrdmator vefsus wavelength and storing the channels
in "the Nicolet, which had 4096 channels aVailable, or
averaging the intehsity at a particular wavelength. For
data averaging, the Nicolet had excellent capabilities fqr'
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 exﬁeriment, the usual scanning speed
was 50 A per minute with a1l 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 baudvrate was necessitated by the relatively slow

way 1in which BASIC works. The €£final IEEE format was
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compatible with and»fed ihto the PET for eventual storage
and manipulation. | |
An‘alternate detection system used at various times was
comprised of a Jarrell-Ash 0.25 meter monochrdmator, model
82-410, attached t¢ a Tracor Northern TN-1710 DARSS optical
multi-channel analyzer system with an intensified detector
head having a diode array of 1024 ¢hannels. With the
Jarrell-Ash, approximately 600 A could be simultaneously
monitored. This arrangement lent itself to data averaging
experiments where a series of closely-spaced peaks could be
monitbred under precisely the same experimental
conditions. However, the big problem with this set-up was
the low sensitivity ofvthe DARSS when compared to the PMT.

The sensitivity was especially poor below 4000 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  aré reproduced in Appendix 1I. - 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 1listed in the Appendix) This
program helped make a little less tedious the compilation of
the lines 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) "NICOLETfPET". 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 ﬁhe channel data from the
disk, found the limits of intensities, scaled the data, and
formatﬁed 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 sgquares £fit the
strongest lines to known wavelengths, and coﬁld 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 line 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 ¢ould perform a least squares fit for all or part-

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

which the distribution cOrrésponded. 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.



Figure 2-1.

The flowing afterglow apparatus.
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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 Expefiments

Atomic absorption was used to determine several
things. First,-métastable concentrations for both of the
metastable :states of argon were -determined. Second, the
total bimolecular rate constant for the process Ar*(3P2) +
Fe(CO)g was determined through the.monitoring.of the siénal
absorptioh of an argon line emanating from this state for a
series of pressurés of Fe(CO)g 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*(3P2) +
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 meﬁastable
concentration had been done before, but with all the lamp
radiation impinging upon the gas flow while absofption of
Only one pérticular line was monitored. This method could
not rule out the possibility of other lines inducing pro-
- cesses which could affect the metastable state prulation.
This time, a Jarrell-Ash monochromator wés inserted between
the lamp and the chambér; by acting like a narrow bandpass
filter, the monochromator ensured that the 1line 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:

I . _ * |
1n (TE) = - Kik x & x [Ar ] [3.1]

where I, is the unattenuated signal in counts per second,

3

* -
{Ar ] the number density in cm of the metastable state, £

the path length in cm through the flow, and Kjx the absorp-

tion coefficient for the particular line in cm2.

The general form for the absorption coefficient for a
Doppler line shape at the line center is (Ivanov, 1973):
N S 9% Pki
1.5 3

2RT1n2 9; Vik

Kix =

{3.2]
8w

where m 1is the gas molecular weight, vj, the transition

1

frequency in cm™+, 9i,x the degeneracies of the lower and

upper states, A;,; the Einstein coefficient for spontaneous
emission in sec'l, R the gas constant, and T the temperature
in degrees Kelvin. Substituting in all ﬁhe constants at
room temperature for a gas with the mass of argoh yieldé:

-7 9, A,
= 7.65 x 107 ££L |

9i Vik

K [3.3]

ik
This Doppler line shape is a good representation of the true
line shape as long as the Doppler width ( ~ 7 x 108 sec'l)
is large compared'to the sum of the collisional linewidth
(small as measured for this lamp preésure) and the natural

line width, which is approximately Ay ;/4n. This indicates
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that the assumptidn is valid up.tovan Einstein coefficient
of abbut 109, and allows . for  all- of the transitions of
argon. |

The Ar 8115.3  A line wés chosen to measure the 3P2
~concentration. For this transition (93144 - 105463), g; =
S, g = 7, vip = 12319 cm™!, and 2. ; = 3.66 x 10’ sec”!
(Wiese et al., 1969) which gives an absorption rate constant
of Kik = 2.10 x 10"11 cm?. The measured attenuation at 1
torr of argon was I/Io = 0.74, giving a concentraﬁion for
the metastablé'state of:2.74'x 109'cm'3, using an estimated
path length of 5 ém. |

To measure the‘3P0 concentration, the Ar 7948.2 A line
(94554 - 107132) was used. The data on thié line are g; =
1, g = 3, vy = 12578 cm™l, and a;, = 1.96 x 107 secl.
This gives a-;ate constant of Kjy = 2.26 x 10711 cm2. with
the measured attenuation of I/I; = 0.95, the ‘resulting
concentration was 4.54 x 108 cm™3. .

Asvdiscussed in Chapter I, the 3P0 to 3P2 state concen-
tration‘ ratio is predicted to fall even lower thanv the -
predicted statistical ratio of 1:5 due to the more efficient
quenching to other argon states. Here, it's found to be
1:6.0 in relative concentration. So the -3P2 metastable

_state is indeed the major carrief, and represents 86% of the

total metastable population.
B. Total rate constant for Ar*(3P2) + Fe(CO)S.

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 atems 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 done 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(lso) is known to be
6.2 x 10712 com3 molec~? sec™1 (Gundel et al.,_1976). For
the Iewest observed multiplets of Fe, this gave rate
constants in the range of 5.0 x 10713 to 5.0 x 10714 cm?

1 Sec'l, yielding an estimated total fluorescent rate

-1

molec™
eonstant of 6 x 10712 cm3 molec™! sec (Hartman et al.,
1980). For the collision pair of argon and iron carbonyl  at
300K, the rate constant -k and the thermal cross-section

<<g>> are related by

<<o>> = 2.29 x 101 & (3.4]

where <<o>> 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
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collision.eﬁergy of about 190 meV was measured to be ~ Zb A2
(Snyder et al., 1980). This energy corresponds vto a
temperatu:e-much higher than rdom temperatu:e; 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 presgurés ’of argon and iron
carbonyl as wéll as for argon and krypton, and the results
are showﬁvin Figures 3-1 and 3-2. Knowing the total rate
constant for Ar*(3P2) + Kr, then the_rate constant for the
quenching by E‘e(CO)5 could be obtained,_ as shown in the
following.kinetic scheme.

Wiﬁh no quenchers present (other than argon itself) at
a given pressure of.argon, Ar* is produced as some rate Kg¢
(units of sec-l) and destroyed by quenching with other argon
atoms at a rate of kg. Then, the steady state equation that .

pertains is:

* .
91%%—1 =0 =k, - kd[Ar*] [3.5]
or,
I Ke |
(Ar ] =§ . - [3.6]

Upon the-addition of a given pressure of Kr (or Fe(CO)S) to
the system, an additional quenching channel is introduced

and the metastable concentration is further reduced:

* .
| . | |
d[ggfl =0 =Kg - [Ar 1( kg + kg [Rr] ) [3.7]
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or,
(ar’] i ' [3.8]
r = : .
kd + kKr[Kr] :
K_/k
= fk d[Kr] . [3.9]
1l + TKr g
ke

d
The only unknown is kg. Once this is determined using data
from the krypton experiment, the analogous egquation for
Fe(CO)5 can be solved to determine kFe(CO)S" Drawing upon
egs. 3.1 and 3,5, the equation solved for kg in terms of

experimental observables is:

) kKr[Kr]
d ln(IAr/IO)

-1
In(I, ixe/1o) )

(3.10]

where I, . is the intensity of the 8115 line with just the .

metastable flow of argon, and Inr+kr the intensity with

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

expression for the total rate constant of Fe(CO)s is:
ln(IAr/Io) kd

k = -1 ) —S . [3.11]
Fe(CO)5, ln(IAr+Fe(CO)5/IO) [Fe(CO)5]

To eliminate possible effects of flame shape upon the
améunt 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)S ~ 1.6 x 10711 cm3 molec~? sec—l,
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which corrésponds to a cross-section of ~ 4 A2.. The error
in this valué is hard to eétimate but it.could, potentially,
be significant.. It depends on how weli Kgy is known, on two
pressure calibrations .for Fe(CO)g; and Kr flows, and on
effects of background gases upon total argon absorption.
These values indicate roughly a 1:3 fluorescent to dark
chaﬁnel branching. The value of 20 A2 fof the ionization
channel (Snyder et al., 1980) is significantly higher than
_the value here ( < 3 sz ). - However, their work was
performed at a .collisional energy dgreatly higher than
ours. Initial estimates indicate though that the ionization
cross-section increases with decreasing collisional energy,
making the room temperature ionization channel éven more
dominant. 'Héwever, in a paper dealing with a series of room
temperature chemi-ionizing reactions from cbllisions of
metastable afgon, no molecule was found where the ionization
channel was the dominant one (Golde et al., 1982).'7This

matter still needs to be resolved.
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Chapter IV

What Metal Transition Intensities Tell You

It's time to consider in more detail the main experi-
mental observablesv that come bfrom -the steady-state flow
experiments, namely the metal line intensities arising.from
the unigue 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(CO)5 and,Ni(CO)4; newer results from other
carbonyls will be presented in thevnext 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-cérbonyl
bonds must be broken, requiring a total energy of E,, the
so-called energy of disfuption in inorganic jargon. - The

remaining energy can go into the production of the metal

excited . states. This *"available" energy, E,, can be
expressed

} %*
E, 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 thérmodynamic calculations and assumptidns.
would be useful.

Several reasons exist as to why only an upper limit tov
the total energy is possible. In the first place, some of
the énergy may have gone into other modes such as transla-
tidn of the metal atbm, and translation, vibration, or
rotation of the CO Inolecules.’i Secondly, there _ié by no -
means a continuum of metal states avaiiable; instead, there
often is a gap of several 1000 wavenumber§ or more between
states. Thirdly, not all states have tranéitions in the
range we -are monitoring. -~ And finally, states near the
thefmodynamid limit of energy are generally produced at_very
small rates, and thus would escape detection. Qurs is noﬁ
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 ﬁormation, see section B. qf this chapter.

Inténsity (in counts per second) 1is the rate of
emission from a state and is dependent upon both the poqu
lation of the metal state, [M*],’and the rate at which the
state can fluoresce to lower states,tnameiyvthe Einstein A
'coéfficient. " For é steady-state system,v the rate of
formation K¢ of a particular state is balanced bynthe fate
of loss of all the lines from that' state. | The rate of

change in population is

dM]_ 4 = o
dt'-—O—Kf-ZI | - [4.2]
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am’]
dac - K¢

. :
- Au[M ] [4.3]

where AQ, the Einstein coefficient for the state as a whole,
is equal to the sum of all the A's for the barticular 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:

K -A t

mM(t)] «e £ (1 -e Y. | [4.4]

A
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 A, ~ 104,

the steady-state value is reached in milliseconds.
A. Population and Rate Plots.

From the discussion above, there is now enough infor-
mation to construct plots of the relative populations and
formation rates of the excited sﬁates 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, 197§; Hartman et al.,

1980). The data have been reanalyzed here using a refined
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process and‘with a sliéhtly different interpretation; the
resulting plots appear laﬁer in this.éﬁaptef.

The major difference was in the interpfetétion.of what
was actually being plotted. The observed intensities result
from the rate. of formation of- a manifold of g degenerate
~states, Qhere-g = 2J+1. Although.it isrvalid to consider -
'the‘réée of formation as simply this inﬁensity, this gi&es
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 considef as the correct
formation rate 1is I/g; Before this was done, the states
with the highest J values were appearing highest in rate.
Once  the states were _no:malized to their J wvalues, the
spread in the data was redﬁced substantially, permitting
more precise curve fitting.

The intensities essentially give you the rate of
formation, but it's >the sﬁmmed 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 ’accountv.for all the other transitions that are

occurring. The correct rate then is:
Ke = (=0) 57— [4.5]

where A, 1is 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 poéulation plot, all that is needed is a
slight reworking of egs. 4.2 and 4.3. Since [M*] = Iiu/Aiu'
the correct form of the population plot is

I,
'] « (L9) i. . [4.6]
g iu

o

Since transitionv probabilities are ofteﬁ 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 A;, and

the oscillator strength fiu is (Mavrodineanu and Boiteux,

1965):
- 15 Fiu '
A, = 6.67 x 10 —= [4.7]
iu A2 .
where A, the. wavelength of the 1line, is in A. So the

expression for the relative population used was

I. Az

M) « 28, [4.8]

gufiu

For Maxwell-Boltzmann distributions, the temperature is
a useful concept and is introduced in the definition

-E

*
M ] « guexp(—E%) [4.9]
or,
2 E
I : u
log( ) = - [4.10]
gufiu 273kT

where E is the energy of the upper state of the
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transition. Since this is the identical formalism to our
populatioﬁ plots,-wé cah assign temperatures to the straight
lines appearing in our plots. A plot of the lbgarithm 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. Hoﬁever; this
line of reasoning was on the wrong track and in reality, the-
information shown in such a population plot 1is 1less
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 Kg/A. The population then is just the
rate of formation modulated by the transition probability
for the state. The. population of the state 1is being
increased by a non-changing formation rate; assuming that
no collisional deactiVation is present, the only way that
the population can be depletéd is through ~spontaneous
emission. But for a very improbable transition, the chances
of this occurring are véry small for a small.population, and
the 1loss 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 1line) can balance the incoming rate of
production which is still due to the same small probability
df transition but is now acting upon a much larger pool of
‘molecules. For a short-lived state; this balance occurs
much faster, and the steady-state population is consequently
much lower. R

That the populétion 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 dissodiation of Mo(CO)G; see Chapter VI for
the full story. That the lowest states usually appear with
vastly highér'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, namély that there are low-lying stétes 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_preparationvcould be. What was needed
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was the branching ratié for a partiéular transition. A
listing. of staté A values along with the A values for
individual transitions would be precisely what 1is needed.
However, the data are rarely tabulated in such a form. The
usual table is instead a listing by wavelength of all known
lines for a particular metal. To get the total list of

- transitions by energy level réquired scanning all of these

lines in order that J}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 1lines 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
ém'l. 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 Qorst
though this neglected only very weak lines and complete
listings wup to 40,000 em™! picked up the major 1lines.
However, for vthé testing of the rate theory presented in
section B. of this chapter; it was necessary to go as high
as'possible'to'get the Qidest possible energy range.
Einstein A values are'notvknown very precisely in most
cases and are often no bétter 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 1lines 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 6f 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 aescribe the dissociation process. The hypo-
thesis then was that the relative production rate of a metal
state at an eneréy E, above the ground state 1is the result
of a purely statistical process and 1is proportional to the
total density of states present at the remaining energy of
Ey-E, 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 wefe 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_ thé limit being ground state
production itself, a .lot. of energy will remain to be
parcelled out among the avéilable degrees of freedom. The
density of states is very ﬁigh 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 E,, then the
amount of energy remaining to be dispensed with will be very
small; conséquently, since there are relatively few states
available at this very "low" t;mperature, the production of
this state will be vanishingly small iﬁ comparison to the
previous case.

Whéﬁ femains to be adjusted  in this flexible modél'is
the number of degrees of freeddm for each type of component
motion opeﬁ in the dissociation complex. Fittiné the data
to possible combinations relating to different kinds of
collision processes gives sbme 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(CO)S and Ni(CO)4 in section C.

To proceed, a total density of states will be needed,
stérting 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 wvalid as long as the enérgyvconsidered is
large. 1In this semi-classical limit, the partition function
Q and the density of states ‘p(E) are related by (Forst,

1971):
0= sy o(E)e E/XTgp . [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 component densities:

p1,2(E) = fg o (E=-X)p,(x)dx . [4.12]
This suggests that the easiest procedure is to start with
component partit;on functions, obtain the product partition
function, and then convert to the product density of states
as the final result.

The process 1is 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 egq.
4.11. The method is the Laplace Transform technigque. The

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

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

tat

L{F(t)} = s> F(t)e™®

0 f(s) . [4.13]



.51

Upon - defining s=l/kT,' reminiscent .of a very  common
definiﬁion hailing from statistical mechanics, the two
integrals 4.11 and 4.13 become identical in form. Thus the
following relationship between the partition functidn and
the density of states:

l{

L{p(E)} = 0(s) and L Y{a(s)] = o(E) (4.14]

The individual partition functions for the various

forms of motion are, first for translation: .

lry

2 -1
q = 2K "L o m 72 14.15]
where 2 is the 1length 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:

q, = 8n %kT « s 1 [4.16]
h
where I is the moment of inertia. Finally, for a diatomic

harmonic oscillator in the,éemi—classical limit,

Later, anharmonicity of CO vibration will be included.

. Therefore, for ¢t degrees 'of-'translationalv ffeedom
active, fdr ¥ linear molecules rotating in one dimenéion,
and v écti&e harmonic vibrators, the total partition

function is:

Q= 93,9, * (s't/z)(s'r)(sfv) [4.18]
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s-(t/2+r+v)

0 « [4.19]
One useful Laplace transform is:
E-l{s—nf « "1, | [4.2oi
So, for the above harmonic model,
« Ept/2+r+v—l) [4.21]

pTot(E)
where it is to be remembered that E is a shorthand notation

for Ea-E

g+ the eﬁergy 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 1is probably the more useful model,
especially when there is already a lot of error 1in the
data. However, for completeneés, 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 fo?m:

o, (E) = e [4.22]
For CO, depending on the range of energy to be fitted, m was
between the values of 1.30 x 107> and 7.94 x 1078, This

gives a partition function of:
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q\} cv_L_{emE'} « s-m) * [4..23].

There is no easy solution for the total partition fﬁnction
including this vibrational component, so.the only recourse
is to obtain a composite translatiqnal~rotational density of
states and then find the total density of states by_uéing

convolution, eq. 4.11. So,

pp p(B) = LH(sTY 2 sy} [4.24]

« plt/2¥r-1) (4.25]

Now, for the vibrational partition function for v anharmonic

vibrators

-1{' 1

p (E) =« L
v = (S_m)v

. [4.26]

The convolution equation describing the total density of

states 1is

_ (E el v _
Proe (B) = 5oy (E=X)p, _(x)dx . | [4.27]
« emEfg(E-x)v_le-mxx(t/2+r-l)dx . [4.28]
mx

The final approximation is to expand e~ in a power

series, keeping up thfough the quadratic term:

2.2
mx

™™ = (1-mx + T) =L L [4.29]

This introduces an error of ébout 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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v-1

2 i .
« emEEa[ (-mE) VEO(_l)]

iZo— 11 3 [4.30]

Prot (E)

3 _
(t/2+r+i+j)J
where (VEIJ represents binomial <coefficients and a =

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

Eg

C.Testing the model on Fe(CO)5 and Ni(CO),.

Fe and Ni were good candidates for_testingvthe model.
These metals have maﬁy lines in their atomic spectra, which
allowed for averaging to improve the daﬁa. Also, infor-
mation on their energy levels and transitions are among the
most reliabie of all the transition metals. Finally, there
are also reliable values for thé bénd stfengths 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 populatioh plots are shown in
Figure 4-1 fdr Fe(CO)g énd Figure 4~-2 for Ni(CO),. The rate
plots are shown in Figures 4-3 and 4-4; ‘for a discuséion of

the deviation from this curve for some of the lower states
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ef iron; see the next chapter. vThe open circles 1in 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 1limits 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 stfaight line
was reasonable. The "temperatures" correqunding.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 fitein terms of two
variables K and P: .log(rate) = K + Pxlog(E,-E,). 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 )
depehdence which expresses the number of degrees ef freedom
that are active in the dissociation, using the harmonic CO
model.

The data base for Fe energy levels and transitions came
from various sOutces.' The best energy leveis eame 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 wvarious



56

sources, with older and less reliable_data being calibrated
and used when newer data were not availablel. Since that
time, a publication based largely on the same collection of
papers has appeared (Fuhr et al., 198l1); these values have
largely supplanted our tabulation. Spot checks revealed
that our values closely match the newly-compiled set.

For nickel, the latest tabulétion of energy levels came
from Corliss and Sugar (1981). Most oscillator strengths
- came from Fuhr et al. (1981)._ Any other lines not listed
ﬁhere were then obtained from Corliss (1965) but Qith the
calibration: log(gf)=1.13x10g9(gf)ror1igs—0-185.

| The total bond energy for iron carbonyl is known fairly
precisely, with values derived from disparate experimental
methods yielding - similar results. From thermochemistry
experiments, it was calculated to be 6.0 eV (Cotton et ai.,
1959); Also, from a photoionization study,'the value was
found to be 6.25 eV (Distefano, 1970). From our own labora-
tory, a véfy sensitive.method for total bond energy yielded
a value of 6.1 eV (Hordk, 1982). The best wvalue of the
toﬁal bond energy of iron carbonyl was taken to be 6.1 eV.

There afe not as much data available for the totél bond
energy of nickel carbonyl, but two different methods do
lThe 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 came from the massive tabulation of
Corliss and Tech (1968). Their data were adjusted using the

following_ calibration: log(gf)= [1.18(log(gf) gq+0.798-
3.311x107°E,)+0.108]. A '
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yield similér results. Thermochemical fesults indicate a
value of 6.1 eV for the total bond energy of Ni(CO)y4
(Fischer et al., 1957). The same photoionization study as
fof Fe(CO)g again gave the value of 6.1 eV for the total
bond energy. |

The metastable energy of argon was taken to be 93354
cm'l based on a weightéd avérage of the two states measured
from Chapter III. No detailed analysis of relative propor-
tions of = energy 'carriefs was  performed for neoh and
helium. Estimates of their energies were taken to be 134043‘
em~! for neon and 161000 cm~l for helium. Thus, the
available energy for both the iron and nickel carbonyl
reactions ranged from ~ 44000 em™L for argon to ~ 112000 for
helium.- | |

Using  this information(-the data shown in Figures 4-3
and 4-4 wére fit to the rate equation above; only states
over 25000 cm~! were fit for iron since collisional effects
jumbled the rate values for the lower states. The following

- power dependences resulted:

Fe Niv
Ar 4.81 * 0.32 3.40 £ 0.48
 Ne 5.09 * 0.34 5,09 + 0.31
He : 6.38 * 0.69 6.20 + 1.23

The larger uncertainty in the helium results could be due to
several factors. First of all, the overall pfoduction 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 Secohdlyi the possible presence of different
energy carriers such as heiium 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 prqduction 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),, 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 atomié and molecular transiations; The total number
of dégrees of freedom is 33 for Fe(CO)S and 27 for Ni(CO)4.
There is no way though tovrationalize a dissociation
where all 33 of the Fe(CO)S modes or all 27 of the Ni(CO)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
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diménsions., In the centerfof mass frame, this could. result
in ué to 3n trénslations, n vibrations, and 2n rotations, or
E21'5 for Fe(CO)5 and El7 for Ni(CO)4. However, even for a
fully séquential dispersal of energy, due tb 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 E17'5 foere(CO)s and El3'for
Ni(CO),.

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»aﬁvonce,
the only poséible direction of departure is along the line
of the M-CO bornd, causing no rotational motion and trans-
lation in only one direction, the direction along the axis
of the M-CO bond. 1In addition, since the CO's leave as one,
there 1is no net force on the metal atom aﬁd the metal atom
remains at thé center of mass. This model suggests n-1
translations, n vibrations, and no rotations active, resul-
ting in a power dependencé of E® for Fe(CO)g and 43 for
Ni(co),.1 | -

" The fit of the data from ﬁickel ahd iron carbonyl
dissociations to a power dependence most closely matches the
rest;ictive; concerted model. For iron and nickel carbonyl
11 thank Henry Luftman for his useful thoughts on

determining active degrees of freedom for the different
cases. :
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both, the observed power dependence witﬁ 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 ﬁohsistency between the two cases lends
credence to ﬁhe 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 lie 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 céscaéing. That
is, with many states produced all the way up to near the
dissociation 1limit for these two cases, many have rapid
transitions down to lower states which can thén fluoresce to
even ldwer 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 very difficult to account for ‘and
subtract off all of 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 minofvcompared to the
'lowef. One advaﬁtage for argon is that the available énergy
is low enough tﬁat_no cascading can occur to states thét are

fluorescing.
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Figure 4-1. Population of atomic iron states from the dis-
sociation of Fe(CO)g 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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XBL 8210-3050

Figure 4-3. Rates of formation of iron states from using
argon, neon and helium. . The curves are fits to all but the

‘long-lived, lower states. 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_fofmation rates of
iron or nickel (i.e. Figures 4-3 and 4-4) shows that the
~only states, if any, whiéh significantly deviate from the
overall smooth downward curve are the lowest-lying states.
This could be due to a real forhaﬁion rate discontinuity, a
process for which there is no ready explanation, or it could
be due to the possibility that the intensities monitored in
ﬁhese cases do not in fact Cerespohd to thé true réte of
formation for the states; Referring to eq;' 4-2, £he
"assumption is that the only channel for state depopulation
is fluorescence. If there were any other.non—fluorescentv
channels, they would be undetected and the result would be
an erroneously small formation rate. |

The commén factor of éil these deviating states is that
they are all much longer-lived than the states lying higher
in energy. The energiés 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 1is, 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 1literature on.-intramultiplet reiaxation is not
iarge, and the theory for predicting the relative maghitudes

for the quenching by different gases is not well-developed
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(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 guenching 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°D ground state multiplet
of Fe (Calleaf and Oldman, 1966, 1967) where the c¢ross-
section for the conversion of v5D3+5D4 was studied. This
process is exothermic by 416 cm'l. For argon as the
qguencher, 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 1less, and as 1little as 95
em™L, |

.An experiment to determine if indeed the 1long-lived
states were being collisionally quenched involved measuring
the intensities of these long-lived states as a function of
pressure, with the 1limit 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 vari&bles with the change in pressure. That

is, metastable productiod 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 dependentvupon that
as wéli. Therefore, the intensity of the long-lived staté
had to be calibrated against all of these other éffects.
The easiest way to do this was tb monitor in addition the
intensity of a short-lived state which should express all
thé same experimental variables except the quenching since
the state radiates fast enough so that the quenching is
negligible. |
The experiment was difficult for other‘ reaséns 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 ﬁhe. region vwhere 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
néeding 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 hiéhest energy level of a multiplet could only
lose population to. the 1lower states 'and 1its pressure
dependence should be straightforward. But, because the
highest states could only lose population from the effects
of collisional queqching, 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 weékuline.

Origiﬁally, it was hoped that accurate enough data
céuld be obtained so that precise quenching rate constants
couid 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'hiﬁdsight now appears to be an excessive amounﬁ 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 dehonstrating 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 1000-fold over iron carbonyl,
it was first.assumed that the argon could be the only signi-
ficant gquenching channel. = The early experiments were
conducted by optimiéing the ->flamé intensity through
adjusting the carbonyl pressure and monitoring the differen£
'_preséurés of argon. For the higher pressures of argon, the
carbonyl pressure needed to lméximize 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 afgon quenching channel was observed as the argon
pressure dropped. However, at lower argon pressures; the
variation in Fe(CO)S pressure to maximize the flame inten—
sity was mugh 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 dhe to the
low signal at these pressures. Finally though, thevlogicai
jump.was made to realize that the Fe(CO)g was also quenchiﬁg
the long-lived' metal states, and,  in fact, much more
efficiently than the argon was. A - new, and much more
tedious experiment.was conducted where, in.addition to the
argon pressure, the iron carbonyl pressure was monitored to
yield‘an'intehsity-contour curve in three dimensions.

bThe Jarfell—Aéh/DARSS system was, in theory, ideally
suited for this experiment since, with its range of 600 A.of
simultaneous monitoring, ail the lines of inﬁerest could be
- observed under the‘same conditions. The_region chosen for

study was in the range of 3800 to 4500 A which included a
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series of lines emanating from the 70 as well as several
linesvfrom 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, és mentioned in Chapter II,
was the lack of sensitivity of the DARSS. Even with long
averaging timeé as compensation, the accuracy wés never very
good.

The photomultiplierv tube proved much more sensitive.
Insteadvof simultaneous monitoring, one had to average.one
line at a given pressure and then go quickly to the other
line 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 SDg state
(lifetime = 8.7 x 1078 sec) as the étandard line and 4489.7
A from the 7F? state as the long-lived state, Figure 5-1
demonstrates the upward trend in the intensities.

Although no rate constants resulted, the data. showed
that both argon and 1iron carbonyl provide significant
quenching qhaﬁnels for the intramultiplet relaxation of some
of the 1long-lived states of  iron. Also, the quenching
constant for iron carbonyl is at least 100 times higher than
that for argon since similar resﬁlts were obtained for argon
iﬁ 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 22 for the quenching of
the aSD3 staﬁe by Fe itself. What he was probably observing
instead of Fe was the efficient quenching by Fe(CO)g that
remained in small amounts after the flash photolysis.

There is also other support from more recent studies
for the: assumptioh that the 1long-=lived states are being
collisionally-quenched. The 4support comés vfrom--sevefal.
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)g (SnYder et
alf, 1980), lines arising from the higher-lying 7F§'and 7F8
states were strong lines for them whereas for us they were
very weak. In anoﬁher beam experiment (Kobovitch and
Krenos, 198l), all the levels of the 7g0 multiplet observed
were produced at apprbximately the séme rate, as our statis-
tical model would prédict. - These results, along with our
own study conclusively demonstrate that the déviation'from
the rate plot is caused by coilisional Quenching,

Callear saw fdr the gfound state term of Fe .a répid
Boltzmann population averaging for states which lay closer
than the -energy available at 298K, namely 206 em~l.  This
_averaging occufred at a much faster rate‘than‘thevrelaﬁively

‘slow‘relaxation of D3*D4, separated by 416 cm’l. The same

situation appears to be true for our -studies of the ’F°
term. Here, all of the levels are separated by less than
206 cm'l, and - Boltzmann averaging occurs for all of the

levels. Since inu = AU[M*], the equation to calculate the
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ratios of the steady-state intensities expected for a Boltz-

mann distribution is

T1, = €

[5.1]

‘where AE 1is the spacing in cm’l between the adjacent J
states. The calculated values for the 1levels of iron and
nickel are shown in the third column of Tables III and 1IV.
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 ’F° term of Fe is quite remarkable.l

The results indicate that for all the long-lived states
where spacing 1is on the order of kT or less, the states
reach a relative Boltzmann average -amongst themsélves. As
is. ekpected, for the cases with states with larger energy
spacings, the ‘intramultiplet 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 mdltiplet of iron and all of the 1long-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

lrhanks to Kobovitch and Krenos (1981) for pointing this
out. '
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gases should not be identical{

Althouéh,the déta wéren't'precise enough to yield réte
constants for thé rafe gas and carbonyl quenching channels,
an estimate was made for the composite constant for the
combiﬁed effects of guenching by all quenchers at the pres-
sure at which the experiment was run. From equation 4-3,
" the exéression for the rate of formation of a metal state
with vno quenching present, and heﬁce “the rate that is

- plotted is .

plot
Ke

* " .
« A/ MT . - [5.2]
But the real formation rate must take into account the

guenching, which is occurring at a total rate of Ko

real

. Kf

*
(M 1{a, +K [5.3]

o)

where KQ = kFe(CO)s[Fe(CO)S] + kAr[Ar]. v 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 cah be.founa

from
real
e
plot
Ke

Ko = 2,( -1) . [5.4]

Q

For the iron states produced £from collisions with:

argon, the average KQ for the two Boltzmann-averaged multi-
plets are (3.920.5) x 10% for "p°® and (1.0:0.2) x 10’ for

79, For the ’p° multiplet which has not averaged out, the
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values range from 6 x loslto 7.2 x 10°. Making the assump-
tion that kFe(CO)S ~ 100kp, and with typical conditions of 1
torr of argon and 10 microns of Fe(CO)g gives an estimate of
kae(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(CO)g 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 statevthus making the true hard sphere cross-
section larger than 300 Az, 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. Neverthéiess, these
estimates show that iron carbonylbquenches iroﬁ states with

a very high efficiency.
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Figure 5-1. Intensity ratios at different argon and Fe(CO)S
pressures of the 4489.7 Fe line of a 1long-lived state
divided by the 3886.3 Fe line from a short-lived state.
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Chapter VI

Results with Other Carbonyls

The mechanism of' metal atom »prdduction from the
céllisional 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 Ilow bvolatility 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 fof chromium
and manganese were in a tabulation by Younger et al. (1978)
and Fuhr et al. (198l1) for cobalt. There were no newer
values for molybdenum.

The best and latest values for bond strenéths for many
carbonyls and similar inorganic compounds are in a paper by
Connor (1977), resuiting from his own as well as earlier

thermochemical studies. The bond strengths came 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 tﬁe gaseous metal.

Since reliable values for the total bond energy for
these carbonyls are not as well known aé for iron and nickel
carbbnyl, 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 E, to log(rate) = K + leog(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 E,
required using a non-linear 1least squares procedure. The
method chosen was aﬁ iterative method whereby guesses for
these two constants were input into a matrix equation based
on an expansion in terms of the first derivatives of the

function:

)7t £

fobs~Ecalc! [6.2]

Ax =v(QT

D(

where (f £

fobs—fcaic) 1s a 1lxn matrix of differences between

the observed rate and the rate calculated from the current

values of K and E, for n data points, D 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, (g?g)'l is a 2x2 matrix which is the inverse of the
product of the derivative matrix and its transpose, and Ax,
a 1x2 matrix containing the corfections for K and E; 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,(CO);4, 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
thém 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(CO)g 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~! 27P2

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



81

rate plot in Figure 6-3.
The highest energy level confirmed for chromium was the

31280 cm~! zSFg state which places an upper limit on the

1

bond energy. of 61600 cm™~ which compares to Connors' value

of 54000 cm™ 1. The rate data were fit to an estimated power

E6‘3, which is 1.2 wunits 1less than the

7.5,

dependence of
restricted model predictidn‘for M(CO)g of E This gives
a value for the available energy of 44859 + 262 cm~l which
yields a total bond energy of 48285 * 262 em~! 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(CO)é was a relatively weak
series of lines from 3750 to 5000 A and isréﬁown in Figure
6-4; there were several additional lines from 5500 to 5600
A. The strongest line was at 5506.5 A arising from the
© 28924 em~t zSPg staté. Thekpopulation énd rate plots are
shown in Figures 6-5 and 6-6.

The population distribution was rathefv surprising in
that there was a very clear temperature inversion for the
~levels lying 25000 to 33000 em~ 1. Insﬁead of.indicgting a
different formation mechanism as was first thought, it just
reflected the fact that the very lowest states are shorter-
lived than those lying above, and the populétion ipversion
merely reflected the longer lifetimes of the higher

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

1l 5.0
ZFS

state, which means a total bond energy of less than 57425

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

thermochemical value of 75815 cm™1. Applying the rate model

The highest line seen for Mo was the 35719 cm™

using E®*3 as for chromium and excluding the lower-lying
long-lived states, the best fit gives a bond energy of 14929
* 11864 cm'l, an unacceptably low value. Between the weak
signal, the few points included in the fit, and the outdated
line tranéition data used in the calculations, it's not very
surprising that the resulting fit 1is a poor one. Fitting
the data using the thermochemical wvalue of 75815 gives a

very low power dependence of E2'17i'88,

which would imply a
very restrictive dissociation, if true.

The ;esults for Mo(CO)6vwould 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 phase-study. If perhaps
the process is not bimolecular, then the bond energy value
Qould be wrong. A pressure dependent study of ling 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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an(CO)lo. No fluorescence was seen with argon or neon.
There was no evidence of any>metal molecular fluorescence,
worth noting since the presence of a Mn; fragment wasvv
thought to be a possibility. The strongest 1ihe was 350
counts . from a set of lines at 4033 A consisting of an
_unresolved set of three lines from the z®p° multiplet. The
feature that many of manganese's lower multiplets have
similar energy spacings caused several sets of unresolvable
lines. The population and rate plots for the four lines
that could be assigned are shown in Figures 6-7 and 6-8.

1

The highest observed state was the 44289 cm™ z4F2.51evel

which gives an upper 1limit to the bond energy of 116711

cm'l

, a value which is consistent with the thermochemical
value of 89527. |

Not knowing what the dissociation of Mn,(CO);4 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 wasv no; much
confidence in the results. Analogous to the restricted
mbdel previously-developed,'an(CO)lo would have an energy

~ g%:3, Just for grins, the data.was fit and

dgpendénce of
the best fit gives a bond energy of 68861 + 12180 which is
at least ballpark to the thermochemical value. Using'the
thermochemical value giQes’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(CO)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 lines with the strongest of
about 9000 counts coming from the 23856 cm™1 stg‘Sstate.-
The population and rate plots are given in Figures 6-10 and
6-11.

The highest observed state was the 34352 em~1
zsz_S state, so E, < 58792 cm~1. No thermochemical data
was available' for this compound. Guessing at the vrate
dependence gives a value arqund E4:5 since in the number of
fragments it is most similar to Ni(CO)4.V The rate depen-
.dence was fit using this power for the energy dependence and

1 since the lower

fitting only to the states above 28000 cm™
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(CO)s. A fit to E3°25 as for Ni(CO), gave E, ~ 50639
cm'l, or 6.2 eV, consistent with the upper energy limit.
This means that with an assumption of Ni(CO)4-like behavior,

the bond energy is similar to Ni(CO)4.
E. Argon and Ferrocene.

Ferrocene, Fe(CSHS)Z' 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 thoﬁgh than the.solid
carbonyls tried.

" The épectrum of Ar* + Fe(CgHg), gave very weak but
récognizable iron lines as seen wiih the dissociation of
iron carbonyl. The strbngest line, as with iron carbonyl,
was the 4375.9 A line.from the 22846 cm~?! z7Fg state. The
rate and population plots are shown 1in Figu;gs 6-12 and
6-13.

state. The thermochemical wvalue for the total bond energy

The highest state observed was the 33695 .cm™

" is 49653 cm'l, or 6.2 eV, which is very close to the value
foere(CO)s. Fitting to the rate model is difficult since
there is no accounting for the possible excitation of the
many different_cyclépentadienyl vibrational modesg 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.

Excluding the long-lived states and using the thermochemical
value for the total bond energy, the power that fits the
data best is E0'74t'43 which is a dramatically léwer enérgy
dependence than seen previously. Excitation of only the two
one-dimensional translational modes would yield a dependehce
of E93 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, MnCSHS(CO)3, is
a liquid. As with the other liquids tried, a strong metal
excitation was expected. However, in spite of being a
liquid, 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(CO)g. The

1 which, if

thermochemical bond energy is listed as 89527 cm”
true, would preclude the populating 'of any fluorescent
sﬁates of tungsten. With the lowest possible level of
tungsten that'could fluoresce lying 19389 above the ground
state} a lower limit on the bond strength would be set at
. 73800 or 9.1 evV. This wouid be an obvious candidate to try
with neon or helium metastable states.

A comparison of bond energiés estimates from the
thermochemicai . experiments, rate calculations, and the

highest states 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 of metal atoms in the gas phase
is a very appealing situation. With all of its orbitals in
unbonded states, the metal atom 1is a very high energy
species and thus is extremely reactive, There are many
different reactions that could 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 énergy species such as a radical.
In addition to being exbthermié, the exit channel has to
have enough extra energy so that fluorescent products that
could be fofmed are in the range of energy that we can
detect. The possibility of using metal atoms as a route to
producing band structure for small\inorganicvmolecules which
may exist only in the gas phase was the motivation for this
aspect of research.

Using N,0 or Cl, 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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Ni + N,O + NiO + N [7.1]

2 2

enough data exists to calculaﬁe the enthalpy change for the
process; its value is ;63'kcal mole'l, or 3.8 eV. Poten-
tially, fluorescence from this system would be.detectable.
‘Quite a 1lot of time was speﬁt in trying different
combinétibns of nickel and iron with reagents such as Cl,
and N,0. The carbonyl was introduced either upstream for a
flow in the interaction zone of primarily ground state metal
batoms, or at the port directly opposite the monochromatdr to
"produce a mixture of ground and excited state metal atoms.
The resulting plots were typically very complicated. The.
parent metal lines were usualiy still present to some
extent. 1In addition, some direct excitation of the reagent
with the metastable rare gas state occﬁrred, producing band
structures of these reagents. In no ‘case was any metal
molecular emission detected. With Cl, as the reagent added
to a flow of nickel, a very weak band structure occurrea
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,vand with iron as well.
'Althoﬁgh never fully identified, tﬁis structure  was most
likély dueAto some very weak_Nz(C+B) bands from background
nitrogen, and/or some high-vibrational states of the CO
Asundi band system (a' 32+_+ a 31). The Ni(CO)4bwas stored
uhder 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 anaiyzed 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 dufation before the growth either obscured
the nwnochromatér's vision, or interfered enough with fhe
ﬁlow 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 ungquenched metastable rare gas atom concentration.
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Chapter VIII

Conclusions

The production of metal atoms from the energy transfer
of the metastéble energies of'rare gaées to metal carbonyls
now éppears to be a generél process which will work for
whatever carbonYls reach sufficient pressures in the gas
phase. Results so far indicate that all métal states are
produced up to the limit of energy remaining after all bonds
have been broken,vand 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
gfound state. In fact, this method produées relatively high
pépulations of these states for preciéely the same reason,
namely, that they.are not quickly ablé to fluorescévto lower
states, aﬁd the steady-staté population builds. This high
population of 1low, improbéble states can expose previously
unknown behavior; for example, in the study of Ar* +
Ni(CO)4, several lines from two long-lived states of nickel
were Observed fdr the first time. The novel prbduction of
population_ inversions that sometimes resulﬁs from the
presencevin some métalsvof long-lived sﬁates 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° pér 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 prqduce metal
atoms. An advantage of the flowing afterglow technique is
the very low aﬁounts of carbonyl required to fully explore
the dissociation of the carbonyl so that evén rathér rare
-ahd expensive compounds could be used. So far, it seems
that métal atoms are produced by multiphoton methods when-
ever the afterglow pathway exists as well. Thus, compounds
which have pfoduced metal atoms from these multiphoton
methods would be 1ikely' to produce metal atoms in the
afterglow method as well. Results from these droups
indicate that metal alkyls also dissociate in similar ways
(Karny et al., 1978);. From multiphoton work, metal atoms
and ions have been seen from Cr(CO)6 and W(CO)6 (Gerrity et
al., 1986), from ferrocene and nickellocene, Ni(CSHS)z'
(Leutwyler et al., 1980); metal atoms énd up to . the
trinuclear ions have been seeh from an(CO)lo and Fe3(C0)l2
(Leutwyier and Even, 1981), and neutral Co, from Co,(CO)g
(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 state (Hartman et al., 1980). Conceptually, an

electron from a high, filled molecular orbital of the
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carbonyl is first'transferéd to the (n)p hole of thé meta-
stablé atom. .The‘rare gas (ﬁ+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 é competing
channel for energy disposal that we cannot mdnitor. Ffom
molecular orbital analyses for iron énd' nickel ' carbonyl .
(Baerends and Ros, 1975), the metal atoms posseéé a formal
positive charge in the molecular.state, so the electron from
the rare gas atom would land in an empty metal orbital. The
¢rbital wodld be antibonding toward metal-ligand bonding and
would lead to an instantaneous repulsive interaction leading
in turn to a simuitaneous dissolution of the metal-CO bonds.
- All the results from the rate moael suggest tha£ the
dissdciation is precisely éuch a simultaneous bond-breaking,
and appears to hold trué even for cases such as ferrocene
and Mn,;(CO);q. Ferrocene has é greatlyvloﬁef energy depen-
dence that all of the other cases which suggests that the
oniy significant energy channels open are into the cyclopen-
tadienyl and Fe atom translation modes, leaving initially
cold cyclopentadienyl gfoups in terms of rotation and
vibrafion.v |
The bond energies for the less well knéwn carbonyls in
some cases_differ ffom the thermochemical vélues, and thev
resuits pléce the total bdnd energies for Fe(CO)S, Ni(CO)4,
Cr(CO)g, Co(CO)3NO,-Mo(CO)g, and Fe(csas)2 to be all on the

" order of'6 ev! This places the value for Mo(CO)6 several
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eV's 1ower than the thefmochemicai value'of 9.7 eV. A test
for the bimolecular nature of'Mo(CO)s dissociation would be
necessary to confirm this lower value for the bond energy.
At this point, between the 1low signal for the Mo lines
observed and the ancient data for Mo; there is not a good
value for the bond energy of Mo(CO)6 from using the rate
mooel.

Results from tne pressure dependence of the long-1lived
staﬁes of iron. suggest that intramultiplet quenching of
metal states by the parent carbonyl 'is an‘ extremély
efficient process. The collisional process could compete
for ail states which are longer-lived than approximately
1076 secondé. In addition, for energy spacings of less than
kT, a rapid Boltzmann popu;ation distribution is set up.

Metal atom reaction chemistfy 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 otoms
produced. ?erhaps a mass selection device such as a quadfu-
pole field could be used to select the mass of the metal
atom for reaction, buﬁ 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 suited for studying reaction .chemistry, the

carbonyls do seem to be good precursors for such work.
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Several réports have come out indicatiﬁg that flash photo-
lysis or intracavity laser operation produces band formation
of small molecules such as WO from W(CO)G (Efremov et al.,
1979) or a small,_unidentified Cr-containing compound from:
Cr(CO)6 (Efremov et al., 1974). |

The afterglow techniqué does have its limitations, the
major one being the large error that is still inherent in
. the method. Until thisverrot 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 averaginé the lines .
of interest tol average out these sffects.v More wofk on
boosting gas phase concentrstions could perhaps increase the
intensities of the metal lines.

'Fiﬁally, the one source of error that seems to be
rapidly disappearing is the accuracy with which the data on
‘line transitions fsr metals is known. The Nafional_Buréau
of Standards is nsw making a systemétic effort to improve
the data for many transiﬁion metals, a task becoming ever
, easier as new laser systems and teéhnologies make selective
excitation of metal states more possible, thus replacing the
rather a:chaic data presently available uSing ‘methods
containing incorrect‘ﬁemperature dependences and such. It
would be worth returning to some of this dsta 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'l) Enefgy(eV)

Helium 35, 159850 19.82
sy 166272 20.62

Neon 3p, 134044 -~ 16.62

o IO 134821  © 16.72

Argon 3p, | 93144 11.55

| 3pg 94554 11.72
Krypton 3p, 79973 | 9.92
3p, 85192 ~10.56

Xenon 3p, 67068 8.32

3p, - 76197 9.45
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Table_II

Physical Properties for some Metal Carbonyls

C02(CO)8 orange red dec.Sl d4l1.73
Co4(CO)l2 black dec.60

Cr(CO)g white dec.130 M-C:1.92

Fe(CO) yellow lig. mp-20 bpl03 dl1.427 M-C:1.80ax,1l.84eq
Fe (CO? bronze dec.80 d2.085
Fe3(CO)12 dark green dec.140

Ir (CO)8 green yellow
Ir4(CO)12 dec.230

Mn,(CO);5 yellow mpl54 dl.81
Mo(CO)G white dec.150 dl.96 M-C:2.08
Ni(CO), 1lig. mp~-25 bp43 dl.32 M-C:1.84

0s(CO) colorless lig. mp~-15
Osz(CO?
Os3(CO)12 mp224

Rh (CO)8 orange yellow mp76
Rh4(CO)12

Ru(CoO) colorless lig. mp-22
Ru3(CO?12 green dec.l1l50

Tcz(CO)lo white mpl60
V(CO)g black green dec.65
W(CO)g white dec.150 d2.65 M=C:2.06

Glossar

(all temperatures_in °C)

d density in g/cm3

lig. 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
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The Observed Long-livedeultiplets of Fe

Spacing(cm”

)

24506.9
24180.9
23711.5

23270.4
23244.8
23192.5
23110.9
22996.7
22845.9
22650.4

20019.6

19912.5
19757.0
19562.4
19350.9

T (sec)

4.8x10"4
7.9x107°
4.4x107°

metastable

6.0x10"3
4.3x107°
3.3x107°
2.9x107°
3.3x107°
2.3x10"3

4.3x10"4
3.2x10"4
2.2x1074
2.0x10"4
5.9x107%

Intensity Ratios

Boltzmann Observed

29'72'

17.53

2.40%.86

'10141027

1.75%,15
1.59+,20
2.04.10
1.77£.10

3.30
2.34
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The Observed Long-lived Multiplets of Ni

1

Spacing(cm”
g
R
435.2
3 ________
509.9
R
487.7
5 mmmm————
319.5
6 ———————m
0 ————mm—e
269.5
|
. 528.6
S ——
749.0
K N,
912.3
4 commm———

29013.2
28578.0
28068.1
27580.4

27260.9

-28213.0
27943.5
27414.9
26665.9

25753.6

t (sec) Intensity Ratios
Boltzmann Observed
7.09x10~7
7.62 2.28
7.69x10”7 o
6.77 1.22%.25
1.35x10”®
3.04 2.24%*,95
4.74x106 '
metastable
metastable
5.21x10~° -
. 36.26 2.50+1.81
1.87x10~6
4.11 1.162.65
1.72x107°
16.33 0.80%x,.31
8.85x1072
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Table V.

Carbonyl'Bond Energies (in eV)

Thermochemical Spectral Limit ' Rate Modell
Cr(CO)g 6.7 < 7.6 6.0
Mo (CO)g 9.4 | < 7.1 S (1.9)
Mn, (CO)qq 11.1 < 14.5  (8.5)
Co(CO) 3NO J— < 7.3 6.3
Fe(CgHg), 6.2 , < 7.4 : _—

lparentheses indicate values with 1low to no confidence
levels. o
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Appendix

Computer Program Listings

A. Program "NICOLET->PET"

12

29

30

49

Se

&0

73

80

3¢

100
110
126
130
140
159
168
170
180
130
Pl
216
220
230
46
259
e
265
27a
280
250
300
310
315
316
320
330
33%
340

350

360
3re
30
3906
400
49%
465
41@
429
430
440
450
460
470
48¢@
430
Seo
Sio
Sz9
S3e
S40
550
566

J=0:NC=0:ZE=0:S1=6 DA=200: [B=201 : 20 : N$=CHR$(2) :F$=CHRS$C(B) K$=" " Ag=""
DIMD$C1@24,€) :C$=CHRI L 13) K=G:N1=1 N2=2

PRINT"IWFULL REGION®"

PRINT"IBLCGHEST "

IHPUT “spBBIAYELENGTH AMND CHANNEL ", WL, CL

FRINT"2RBHIGHEST :

THFLIT " pOBRBIRELEHNGTH AND CHHNMEL", WH,CH

AC= (HH=-UWL )~ (CH=CL)D

PRINT"MOFEGION Ty SENDE"

INFUT“SDBF IF3T AND LAST CHANNELS®".FPL.PH
NC=PH=FL: IFNC<=1024THEN139
FPRINT"ADRMANIMUM OF 1824 CHANNELS" :GUTOIS
HL=UL+ACHFL  WH=WL +ACENC

INFUT"MRSLIT WIDTH C(IN MICRONID ™. SK
INFUT"ARGON PRESSURE (IN TORFD*“;PH
INFUT"CARPONYL FREZGSURE C(IN MICRONS)*“,PC
INPUT"RMIATH SET TITLE":R#$ T
IFLENCAF Y I={ETHENZGY

FRINT"LIMIT OF 1€ CHRRNCTERS":GUTO17@
OFENZE9. 16 QFENZDL, 17,0

FEINTH#201,.F5: '

PRINTYRRENARLE SFEADQUTE AND ECD SERIALE"
FRINT"ERND THEN PUNCH THE SHIFT KEY"
WAIT1SZ2.1

FRINT“XIRMHOW READING"

FRINTHDE., NS,

GET#DA, D$C0O.Q»: IFD$ (R, 00" "THEN26ES
FORI=NZTONC :FORJ=ZETOS1

GET#DA. DECILI> IFDE (1, Jx=""THEN2EY

HENT :GETH#DA. D¥CO., 05 :D3CO, 0>=" " :NEXT
FRINTH#DE.F¥;

PRINT"MMTHROUGH REARDINGAN"

H1=NC~9: JFNCJ1OTHEMN =2

FRINT"THE LAST CHRHMHELS: W
FORI=MITOMC  K=K+1 : FORI=ZETCGSI
FRINTDSC1,J), :NEXT
IFF.S~INT(K /S =aTHEHPRINT

HEXT

PRINT" X"

INPUT WANT A COPY OF THE DRTA".Q$
IFQ$="N"THEN470

OFEN1,4

PRINT#1,CHR$C(147). A%
PRINMNTH1,CF,CS.NC, WL, WH; SW; PR, PC

K=

PRINT#1, “s¥saksr”; KoK+l

FOR1=2TONC

K=K+l

FORJ=QTOS

PRINT®#1.D$C1,J>;

NEXT: IFKA10=INT(K/16>=0THENPRINT#1

HEXT :PRINT#1,CHRS$ (19> :CLOSE!
PREINT“MIFUMNCH ANY FEY WHEN DISK IS READY"
GETES: IFE$s=""THENS860

FRINT"XD20W WRITIMG TO DISK”
OFEN2.8,2., %9 "+n$+" ,SEQ, WRITE"
FRINTH2.MC,CS, WL, C3.WH.C$,SW.C$,PR.CS.PC.CS.
FORI=2TONC :
FORJI=ZETOSI

FRINT#2,DSC1.J);

HNEXT - PRINT#2.CS.,

NEXT:CLO3EZ2

200-310 Data reading
380-460 Paper copy
470-560 Disk copy
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B. Program "Data Process"

10 AXsa"" TN=Q: P | $="EXPERIMHENTAL" : F2F="UNCOFRRECTED" : 4L F¥=CHR$C13)
28 DIMD(4QSE>,PC1, 304> .PM L, 3L

38 INPUT“WA_ORD HQ MENY LWTR SETS",H

40 IFH=GTHENCOTOZSIO

€O THPJUT"MSEHERRL DATA SET HHME",D¥

&Q Dig=Dif+” v

TG FOFKS1TON

S0 IHNFUTHDRATA SET ID HAME™, T3

S0 TE=D1+TS .

100 CFENZ, 8,2, "0:"+Ts+" . 3EQ, RERD"

110 FRINT"BBHOW READING FROM DISK"

12Q INFUTH#2, NG, WL, WT, SKL, FR, PC

130 IFk=1 THEHMO=1L

140 CH=NC-1

15 IFK={THEN18O

168 CH=NC-10

170 FURI=2TOIO Asa"": INPUT#HZ, Ad :NEXT

189 FORI=1TOCH

193 Af=wv

208 INFUT#2.RS

210 D(TN+I>=VAL(AS)

22@ HEXT

230 TN=TH+CH .

24@ CLOSEZ

- 258 NEXTK .

268 RC=WT-WL)/NC

276 Wo=We+RC

280 IHW=D(2): IL=DC2) :H=2

230 FORI=2TOTH

300 IFDCIXCK=IHTHEN3ZD

310 IM=DCI>H=1

320 IFDCI>=ILTHEN340

330 IL=DRC1> i

340 NHEXT

350 FRINT"®HIGHEST COUNT:

360 FRINT"N"IH; "COUNTS AT INTC120#CWHU+ALEH? > /100, "¢ CHANNEL "M, ">*
S7T0 FRINT"MNLOMEST COUMT IS"IL .
3&0 L=1 0 XH=TH YL=0 yYH=IH 85 WL=lY  WH=WT
390 INPUT NRIDO YOU WANT TO PLOT RNY DHTR"; AL
499 IFAS="Y"THENGOSUER4Q

410 INFUT"DO YOU WARMT & LIST OF PERKS",RS
420 IFAE="N"THENSTG

430 FORI=QTO!:FORJ=1T0360

445 FC1,J=0

450 HEMTJI NEXT!

455 IFRNE="W"THENPRINT"YFOR WHICH WAYELENGTHS DMIMN. MHAX{"
465 IFAXS="C"THENPRINT"SFOR WAICH CHANNELS >MIN, MHXI"
461 INFUTL,H

46z IFANE="C"THEN47O .

463 IFL=HTHEN43D

465 LeINTICL=WO) /ALY ‘HEINT CCH=-WEIZACI+1

465 GOTO430

470 IFLCOHTHEN430

480 L=XL :H=KH

430 IFLISTHENL=3

SO0 IFH>STHTHENHH=TN=-1 .

S10 INFUT"XLOWEST PEARN HEIGHT TO LIST".Cu
$20 NF=Q ’

S36 FORI=LTOH

S48 [FICI><COTHEN630

556 IFDCIX<DC(I-1)>THENS3O

560 IFD(IX<DCI+1)>THENS30

S?0 IFDCI>{SDCI-1 I THENG1Q

582 IFDCINKDCI-2)THENE3O

SS90 F(Q,HPO)=(1-,5>

603 GOTOE30

610 NFaNpP+1

620 P(O,NP>=]:PCI1,NP>=D(])>

630 NEXT

640 FORI=]1TONP

650 F(O, [)=@+RACHPCB. 1)

662 FRIMTILF(B,1).P<2, 1>

67@ NEXT .
680 INPUT"DO YOU WANT R LISTING OF THE PERK3™,RS
696 1FAs="N"THENS?9 )
760 GOSUB7ZO0 ’
- 7ie coTosTe
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‘726 OPEN1.,4:0PEN2.4.1:0PEN3,4,2

730 Flsan 9393 Q35 992,93 99999

740 Qis="" # CHANMEL WRYELENGTH INTENSITY"

7?58 FRINT#1,CHRS$ (147>

760 FRINTH3,FLS

770 PRINT#1,Ds$" (CUT OFF IS"CO"COUNHTS.)>",LFS$

780 FRINT#1, "WRAVELENGTHS  "P1$

790 FRINT#L, "INTENSITIES: "P2SLFSLFS$

80a@ PRINTH1,QlISLFS

10 FORI={TONP

820 PRINT#2.1,INTC(PCO. I>-HE>/RCO,PCB,1>,PC1,1)>

836 NEXT ’

840 PRINT®1,CHRSC19)>

858 CLOSE :CLOSE2:CLOSE3

869 RETURN

Q70 THPUT"WDO YOU WRNT A LENST 3UURRES FIT",RAs

872 1FRAs="v"THENGOSUBIBQ

875 INPUT“RDCO YQU 1WAHT TO ADJUST THE FERK LIST".R$

S50 IFRS="y"THENGOSURZOID

Q90 INFUT"aDQ YOU WANT TG NORMALICE FUR THE PMT".RS

08 [FAS="vy " THENGQSUBLSDQ

310 INFUTHRDC »0U WANT TO SAVE THE PERK LIST*,Rs$

320 IFA$="Y " THENGOSUEZT 30

930 GOTCO2R0

S40 OPENHIO1.12.1

350 H=1 ETs=CHR$(3>

QSR FRINT#2Q1, "DF;CR23"

BTG QDF=STRECLIQS0r+, “+STRECIIIDI+", “+STRF(EIBO 2+ . "+ 3TRECIIIO
930 FRINTH#ZOL, "IP"QDS

333 IHFUT A BHANHELS OR 3 IMYVELENGTH FOR X RNIZ",AHE

1008 FRINT"ORIGIMAL DIMENSIQNS -

1010 FRINTYQUIAVELENGTH . FROMYINT (U103 10" TQ" INT(HT#10.:/10
1020 FRIMT"  OFR FRCPT CHAHHEL 1 TO"TH

1030 FRINTYINTENMSITY (FEOM @ TO"INTINS.8SY

1040 INPUT M OR 0% IGINRL DIMENSIONING; QRS

1083 IFORE="0"THEN] 1320

103 IFR-$="C" THENNGE="CHAMNNELS"

1055 IFASE="N"THENNQS="LHARVELENUTHD"

1050 PRINTYENTERIMIN, MRS, Nus; "&OMIN, MAXSCOUNTS TO BE PLOTTED" p
1070 IFAXE="C"THEN1140

100 TNPUTHL. WH. YL, ¥H

1090 [FWLCWHTHEHL L1

1100 WL=WO : WH=WT

1116 RL=INT L= ZAC) t XH=THT (CHH=WaY "RC I +1

1120 IFKLO=0ANININC=TH+1 THENL1 179

1130 PRINT"OUTSILE CHANHEL LIMITS. CHOOSE RGARIN.":GOT01080
1149 ITHPUT XL.XH.YL,%H .

1150 IFXLCONHTHEN1179

1160 HL=1 NH=TN

1170 IFYLIOYHTHENS 190

1180 YL=0 YH=IH /. 8%

1190 XLE=STRESCNL) : XMFSETRECCNL+XHD /2) : XHE=STRFCNHD

1200 YLESSTRECYL) : YME=STRECYLHYH) #2) : YHE=STRE(YHD

1210 QRSSXLEI+", "+ XHS+", "+WLE+", "oy HE+", 1"

1220 FRINTH#ZOL, "SC"QR$

123Q QEE=NLT+", "+YL$+", "+iHE+", "+Y'HS

1240 PRINT#201, "PA"NLE", “YLE", FD®

1256 FRINTHIOL, "FAR"XHE", "YLE", "XHE", "YHS", "XLE$", "YHS$", "XL$", "YL$", PU"
1260 IFAXE="W"THEN1330 :

1270 HE=10C

1280 IFAH=X\L>1 1QATHENN3I=250

123€ IFXRH=XL>Z2SQOTHENNI=SQG

1300 FORI=NLTOxH#1.@01

1310 PRINTI,CHR$(145)

1320 IFINTCIZHSIRNSCOITHENT 350

1330 FPRINT#201, "SA;SI.DIG, 1,PR"STRECID", "YLS&",LOS,LE~-"ETS
1340 PRINTHZOL, “"LEG, DI, FH"STRECID™, "YL$" ", LUS,CFO, ~. 7S, LB"STRSCIVETS
1350 HEXT

1360 TTs="CHANNEL NUMEBER"

1370 FRINT#201, “LEI;PA"XMS", *L8",LUS.CFO, -2, LE"TTSETS
1350 GOTOI1S39

1250 N3=160

1408 IFUMH=WNL> 7SOTHENNI=Z0Q

1410 IFWH-LIL> 10GOTHENN3=2TO

1420 IFWH=4 L2 20GATHENN3=TO0

1420 FU=IHTHL/N3D®NS

1443 IFFWCCNL-Z#AC ) THEHFWSFI+N3

1450 I=(FW-WOJ - AC

1460 IFILXH+2THENISIO

1470 FRINT#201, "3R.;LEC:SI.DIO. L;PA"STRSCID ", "YLs", LUS.LR-"ETS
1430 PRINTH#2CL. "DI.PAYSTRECID ", "YLE";LOS.CFPO, - PS, LB "STREFHIETS
1430 FlsFl+N3

15060 GOTO14583
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TT$="WAVELENGTH ("+CHR$ (I3 +")>"

PRINTS#201. "LEL; FR"XME" , "YLE",LOE,CPO, ~Z,LE"TTSETS
NI=(LOGCYH-YL) ~LOGC 1))

FrR=NI-INTC(NID

0. H3=.29%10TCINTONID D

IFFR> . 3THENNGaZ#H3

IFFR> . ETHENNI=Z#N3 .

FI=CINTCYL/H3D D#N3

IFFIKOVYLTHENF I=F [ +N3

IFFISYHTHENIESO

FRINT#Z01, "LEQ;SI,DI.PA"NLS", “STR$(FI)*,LO8,;LR-"ETS
FRINT#201, "PR"XLS", "STRS(FI>",;L0&.CP-, 73,0, LE"STRS(FIJETS
Fl=FI+N3

GOTC1600

TT#="INTENSITY"
PRINT#2011"LEX;PH"XLS".'VN!“;ﬂIO,l;CPG,4;L04£LB"TT£ETS
FRIMT"THE CURREHT PLOT TITLE IS:";1P#
INFUT"DO YOU WRHT THE SHME TITLE NOW",H$
IFRE="Y"THEN1T40

PRINT"INPUT TITLE OF PLOT"
ERINT"UFPERZLOWER CRSE: /<"
PRINT"SUPER=/SUB- SCRIPTS: +4/4"

INFUTTFS

T$="" B=@: FORI=1TOLENCTPS)
Bs=MIDSCTPS.1.1)>

IFB$="+"THENB=@:GOT01508
IFBs="+"THENB=32:G0T0O 1806
IFB$<"R"ORB$>“2"THENTS=T$+B$:G0TO1800
TEuTS+CHRSCASC(BS>+B)

NEXT

Li=,266 LH=,456

FRINTHZ01, "SS.SI"STRSCLW) ", "STRECLHI ", DI, FH"ILE", “"YHS ", CF2, -, &§"
FORI=1TOLENCTS)

Es=MIDS(TS, 1,12

IFEga"J "THENFRINT#201, "CFQ, , 25" :GOTO1 S0
IFB#="2a"THENFRINT#201 . "CPB, -, 25" ' CUTO1&EY
PRINT#201. "L0Oz,LE"BSETS

HEXT

PEINT”SGI."IH"QB:

FRINT#201, "LT.S1"

INPUT"2S$TRET AND END< OF FLOT SEGMEHT™:CU.LH
IFCEmCITHENCB=KL - (A=sH

FORI=C&TOC3

FPRINTHCHAHNEL # “.I.",.=..".DC1>
FRINT#201, "FA"STR$I", "STRICD I NI, FD"
NEXTI

FRINTH#201, "FU"

INFUT DO YOU WANT TO REPLOT A SEGMENT".FP¥
IFFs="N"THEHZOZ0O

INPUT"DO YOU WANT ANOTHER PLOT™. R
IFAR$="H"THENZ060O

PRINTHZAL, "FG"

GOTOSSE

CLOSEZO1.12

RETURH

INPUT " 3D0O VOU WHNT TU DELETE ANY FERKS", RS
IFA$="H"THENZ 180

INPUT"BDELETE PERK. #“;LDF

IFIP=0THENZ 1 &0

IFDF=NPTHENZ1.60

FORI=DF+1 TONF

PR I=10=2FPCO, 1P, I-10=P(}, 1)

HEXRT

HP=tP~-1

GoTo2102

INPUT IO YOU WANT TO ADD ANY PERK3".AS
IFAS="N"THENZ2320 ‘

INPUT"NEW WRVELENSTH, INTENSITY",HNl,HI
IFMW=ETHENZ 320

FORI=1TOHF

IFNWSP (0. 1) THENZZS®

HENT ’

NP=HF+{

IF 1=NPTHEN2300
FORJ=NP-1TOISTEP-1
FCB,J+1)aF(B. J) P(1.J+10=F1,J>
HEXT

FCO, 1>eNKW:PCL., IomNI]

GoToZ208

INPUTYARE YOU RERDY TU RALSIUN THE REAL WHVELENGTHS";AS
IFAS="N"THEN2400

121
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FORI=1TCHP
FRINT"XOFERK #“1":"FC1, I)"COUNTS AT"INTC1o#P(0.1>3/19
INFUT"THE REAL WHYELEHUGTH" HW
PC@. I>=HNW
g NEXT
Fi$="ASSIGHED"

INPUT"ANY INTEHSITIES TO CHRHGE", R#¥
IFR$="N"THENZITE

INPUTYPERAK #¢, 1

IFI=@THENZ47@

INPUT"NEW INTENSITY",HNI
P<1, I>=N1
GOTO2420

INPUT"DO YOU WANT A COPY OF THE PERK LIST".RS
IFR$="Y"THENGOSUB7Z
RETURN
IRTARZ28.,13.3.35.70.2.36,75.37.86,35,50,35.93.41,95,42,9%,44,95,46,85. 50,77
IRTARS3,67.56,58,53,40,61,41,.65,.35,6%.29,67.25.5,70.15.4.72,10.2.73,8.3
DATAT4,6.3%,75,4.55,.76,3.35,77.2.1,78,4.3,79,.735,80, .405.81, .22
DATAB:.5..175.82,.16
FORI=3TQ30
5 READJ,K

PMCO, I>=J41600

PM1, I>)=LOG(K/190>/LOG(18)
HEXT
FORI=1TONP

FORJI=1TO3Q

IFF(O, 1><=PM(B. J>THENZ63D
HEXTJ
RE=PM(L, J~-104C(PLO, I1>=-PMCB.J-1))>/C(PMCB, J»-PM@, ]~ 1)))#(PH(1 I>=PMCL, =1
PRINTP(O, 1), INT(10TRR¥1000) /1808

PCL,1o=PCL, TO/7CLBTRRD

HEXTI

F2$="CORRECTED"

INFUT*DO YOU WANT A LISTING",RS
IFA$="Y"THENGOSUBTZO

IHFUT DO YOU WANT TO SAVE THIS OH DISK" RS
IFAs="¥Y"THENGOSUB2730©

RETURHN

INPUT"TITLE OF PERK LIST":T$
OPENS.8.5,"0:"+T$+" ,SEQ, WRITE"
PRINTHS.HNP,LFS$,CO,LFS.P1S,LFS.P2S.LFs;
FORI=1TOHP

PRINT#S.PCO, I1);LFS$:PC1.15,LFS$;

NEXT

CLOSES

RETURN

INPUT"WHICH PEAK LIST";T#

OPEN3. 8,3, "0: "+T$+", 3EQ. RERD"
INPUTH3.NP,CO,.P1S.PI3

FORI=1TONP

INPUTHS, FL@. 10, PCL, I

HEXRT

CLOSE3

2830 PRINT"IMERT THIS3 POINT:"

2890 PRINT"THE WHVELEMGTHS ARE"P1S$

2300 PRINT"RHD THE IMTENSITIES ARE"FI$"FUR PMT EFFICIENCY"
2218 60TOsTO

3000 HN=Q: SX=@: S't'=@: KMe@: X'rY=0

3005 Fis=Pl$+" ,LEAST SQURRES FITTED"

3010 PRINT"CHANNHEL NO..TRUE WHVELENGTH"

301S INPUTLX.LY

© 3020 IFLX=aTHEN3990

3025 LX=P@, Ly

3030 KH=HMNN+1

3040 Xy=Xv+LX¥LY

3850 SK=SX+LX

3060 SY=SYe+LY

3070 XXeXX+LX T2

308 GOTO3910 :

3090 BB=(SYRXX-XY¥SX)/ (NNEXX=3K12)

3106 MMECNNPXY-SXESY ),/ (HNRXX=-SX 125

3110 PRINT"ELEAST SQUARES FIT:"

3120 PRINT"EEST WRVELENGTH=OLD NRVELENGTH»";NH;"O"‘BB
2130 FORIsITONF

3140 F@, IDsBE+MIRP(O, 1>

3156 NEXT

31€@ INPUT"DO YOU WRANT R COPY".RS

31790 IFRe="Y¥"THENGOSUET20

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’ plottlng

Peak deletion option

Peak addition option

Peak assignment

Intensity change optlon

- 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 NH=Q EN=0 ETF=CHRI(3) ' LFF=CHF$( 137 SP$aCHRSC(ZY ., T=0 . PCS=CHRS$ (111>

o FlE=" 9239,33 B3N I3, 2 Sa.9."

€d Q1e=" WAVELENGTH THTENSITY POP FRTE"

T DIMUL IS0, EXSO0 L ACSOND , SHISORD , ELI 3RS . TEF (SO

30 DIMLICLISEY  INCISQ, RHCISOY L PROLSON, SF 150, 3RS
S DIMDLCISO) .01, 1S3, YA 1S0 B, 1T 1S

B0 FRIMT'TUFFER.LOMEFR CHIE &'

109 PRINT“SUPER=--SUE~ RIRIFTS: J.'an

110 TNFUTHTITLE FOF F_CGT" . TS

120 ThERT Rty FSE DNTH O Dice]
IFAE= """ THENGOT DG

IMELT Ry LINE LAaTA G DIt Ad
IFRI="HTHEH SO
DR B PN
IFTHT NS Apix]
FRINT"TIAVELENGTH, CURRECTED INTEHSITY"
FEINTH+1

THFUTHL, TH

IFLL=3THENZ3O

O LIcHeto=hl t THCH+1)=TH

H=HN+ 1

o GOTO1S9

R

GOSUE1Zu0 )
INFUT"HIGHEST POSSIRLE E LEYELS",HE
IFHE=OTHENHE =1 B0
INFUT"SUFFRESS HARD COPY" (H:$
IFRSF="Y"THENH3SO
OFENL . 4. OFENHZ, 4,1 QFEN3. 4,2
PRINTS#L . SPE, SFE.
FORM=1TOLENCTPS »
IFASCMIDECTFE, M, 1D 3221 TITHENISZO
FRINT#! . MIDECTPE . M. L0,
HENT
FRINTH#1.CHRFL147>
FRINTS1.LFILFEQISLFSLFF
FRINT#Z.F1%
Y1=100:%3=100: Y2=-102:Y4=~100
FORI=1TONE ’ .
IFEUCT 22 HETHENST
3 Hid=a
IFHIs="v"THEN41Q
a0 FRIMT#1,I;".",EUCIY
410 FORJI=1TONL
420 IFE(I X2 ITHENSOR
430 FORK=1TON
440 JFLTCKICOHL {I>THEN420
40 HusHel
455 Cel®VAL(MIDSCTEFCID, 3,300+
468 TRCHWISLOGLTHOK D WSAT oy ALuGC1gs
470 TRCHW=LOGCCTHOK D RSR AT IO A CGORIT 20 /L0GC L e
47% IFHIE="Y"THEN499
420 FRIMNT®#E, LICKD, INTCIHCKDY >, TPCHIDY , TRC(NW?
430 HEXT
SO3 NEXT
" 518 IFHWZOTHEMS30D
S29 IR(1is=2:SF(])==2:00TCOZ80
30 IFHW= 1 THENES
S49 GOSURI310:GUTOST
TED FACII=TR(L»:FP(I)=TP(1) :SR(Iy2—1 :SH(])==1}
Se0 IFSR(I)=-2THENE6D
S70 IFSR(I)=~1THENEGDO
S7S IFHSE=""v"THEHEHO .
S30 PRINT#1, SPSSFE, "FOPULRTIONS",PFCI); "+/=":SP(]>
530 FRIMT#1,SPESFS, "RATE=",RAI,;"+/=";SR{]>
€00 IFY3IZRACT ) THENYI=FRACI)
810 IFYAIRACIDTHENY4=RACI)
Sz0 IFYIAPPCIOTHENYLI=FF(]ID
830 - ZLFPCI D THENYS®FPCL o
840 GOTLSED
€50 TR(Jomeg SF(l)m-2
660 HEXT
€S IFHIS="Y"THENE3O
ETQ FRINT#1,CHRSC19)
€60 CLOSE]:CLO3EZ:CLOSE3
630 FORM=1TONE
700 IFEUCMYDHETHENT30
710 IFSRUMC=-1THENT30
7O NH=EU(M)
739 HEXT

o

R N RN NE Y]

FRINT"FREPARE DISK RECORD OF METAL EHERLY LEVELS AND LINES"
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740 INPUT"SAVE OH DISK";A¥
7560 IFAS="Y"THENGUSUEZ28D
768 INPUT"DO YOU WAHT A POPULARTION FLOT".A$
©PTY IFASS"N"THENSSS
P80 YL=Y1 YH=YI T=Te+]l Yo=v
7?30 Tvx=" LOG (R~ELRTIVE “F~OFULATICH><"
890 CPRE=35TRS$(-13) PTE="P"
810 GO3UEl41@
S20 INFUT"DO YOU WRNT A LEMST SWURRES FIT FUR SUME OF THE DRTA“,RS$
&30 IFA$="N"THENSSS
840 INFUT"RANGE OF E VALUES, LO., HI".El.EZ
850 GOSUBZ068 ’
860 INFUT"ANCGTHER LINE"“;RAS
865 IFA$="N"THENS8S )
8790 INPUT“LO.HI",E1,ER2
880 GUSUERZ068
335 IMNPUTHDUO YOU WRNT A RATE PLOT":.As
830 [FRF="NH"THEN!1]1D
300 L=V YHEYL . TaT+1 Yusvd
310 Tws=" LOG (FELRTIVE “FATEL:"
Q20 CPE=3TRI(~10> FPTE="R"
A3 GosUDISLIQ
A4 [THFUT DO YOU UMHIT A LINEAE LERST SUWUARES FIT . RS
ASQ IFAT="%" THENSOSUE 3000
1630 THRPUTDO vl WANT ANy COLLIBION FATE CONSTRHTS CRALCULATED". As
1020 IFAFs """ THENGCGIUE4DDD
1031 [THFUT"HOW RECUT A HOH-LINEHRR FIT".R¥
E3

1caz "Y' THENGORUEBSI00
1109 =01
1119 END

1120 INFUTTITLE OF FEAK LIZT*; TS

1130 OFENS.§.S,"0: "+T§e", SEQ, READ"

1140 IHPUTHS,H,CO, P13, P28

1154 FORM=1TON

11680 INPUTH#S,LICM), INCGTD

1170 HENT

1180 CLGZES

1190 RETURN

1260 IHPUTUMAME OF DISK RECORD";T#$

1216 CGPENS, .S, 0 “+T§+", 3EQ, READ"

1220 INPUT#S.HL.HE

1239 FORM=1TOHE

1240 INFUTHS,EUCQL ., TESCMD L, ACMD

1250 MHENT

1266 FORM=1TONL

270 INFUTHS,WLCMD L ECMY L EL, GF, SHMJ

1260 HENT

1390 CLOSES

1300 RETURN

1310 RY=0:PY=0:RD=0 PD=@ .

1320 FORM=1TOHM

1338 RVERY+TRCMD :PY=FY+ TP (M ;

1340 NEXT .

1350 RACII=RY/NU:PP(I)aPVY/HW

1380 FCRNM=1TOHW

1370 RD={TRCMI=RACIY) 12+RD: PL=(TP(M>=PP (113 12+PT
1380 HEXT )

1330 SRCI>=3QRCRD/CH=1)) : SP I >@SURCFD/ (HH=12)
1400 RETURN

1410 IFT>ITHEN1470

1420 OPEHZO1. 12,1

1430 FRINT#201, "IN 1W; DF ; CFida™ : :
1440 QDE=STREC 10807+, “+STREC2I4BI+*, "+3TRECEI80)+", "+3TRE (3340
1453 PRINT#Z91, " 1P"QD$

1451 XL=EUC1)>

1452 FORI1=1TONE

1453 IFSRCITI>-2THEN14€D

14%4 NL=EUCII>

1455 HEXT v
1466 XL=(INTCXL/1898>=1>#1800  XH=C INT (XH/1000)+15# 1860
1470 YhmvH=-YL

1450 IFT>1THENPRINT#201, "FG; IW"

1490 YHEYHevW#, 2 YL vl -YioK, 15 :

1500 YL$=STREC(YL) (YME=STRE((YLeYH)I /2D ( YHS=STRECYHD
1510 HLE=STRSRLY (XMFuSTRECCELAXHD /2)  XHEWSTRECKHD
1520 QALTHLES+", "eXHS+, "L+, "¢YHE+", 1" .
1530 QBE=HLE+", "+ PLE+", "SI HE+", "+¥YHF

1540 PPINT#201, "5C"QRS

1850 PRINTR201, "FR"HLE™, “YLS",PD"

18560 PRINTHZOL, "PAYNHE", "YLE", "KHEY, "YHE", "XL.$", "YHS", “XL$", "YL$",PU"
1573 H=2009
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IF XM~ XL 20000 THEHN=4000

FORM=xXLTCRHSTEPH

FRINT#ZOL1, "SH.DIO, 1, PA"STREM ", “YL$" L0, LB-"ETS
PRINT#201, "LEQ, DI, LO6,CFO, ~. 7S, LE"STRS M/ 1000 ETS
HEXT

TTE="ExU2? X 10439 (CMI=fad"

FRINT®#2Q1., "LEL1;FR"XMNS", "yYL$",L0E,CF-8,-3"

GOSUE 192
PRINT#201,"533,S1.27, .61, DI PF"KMS", "YHS" CPO, ~. 8"
TT£=TFs$ GOSUE]1S2€

FRINTH#20L, "SA,LEQ. DI, LOS"

FORM=BTOINT(YH~-YL)

G PRINT#Z®L, "FATHLE", "STRE(Y6=M) " LB="ETS

IFMeOTHENPF INT#IO1, "CP~, 7S, 0, LE"STRS(MIETS
IFMOTHENPRINT#2O1, "CP=-, 75,2, LB -"STRS(METS

HEXT

FRINTHZOL, “LEL; DI, 1;FR"SLS", "YME" ,CP "CFE". 3"
TTs=Tvs

GOSUE1220

FRINT#201.,"531.3..61.D1;S5;L05. ILW"QES

FORM=1TUNE

IFSRUD=-2THEN] 500

IFFTS O P THEHLE20

Y/=PP (M SD=SP M) (GUTOL1839

VaRA (M) SD=SRCMTD

PRINTHZ20L, "SM"PLS" . PA*STRSCEU(M, )", "STRE{YVI ", SM™
IFSD==-1 THEH158

IFSD> . @168 (YH=YL) THEN1880

PRINT#201 . "3Me ;PA"STRSLEUMD DI, "STREC(YVI " ;51"
GGT01900

FRINTH201, "SM=- PAYSTRE(EUCMI D", "STRE 5D " L ume
PEINTH2GL, "SM=FAFPD "STREEUMO D", "STRF. ¥y f'ioIU R o THTE
HE:T

FETLFAN

Te="" k=0 FORM={TOLEHNCTTS?

EF=tIDE TTE. M. LD ]

IFEf="<4"THENE=0 :0O0TO 38w

IFES="+"THENE GOTOL A5y

IFET "RUCRES> "I THENT §=T5+B8  GUTO L 35w
TE=TE+(HFR.F A EE 2+EY

HEST

FORM=1TOLEN TS

Es=r[DECTE, M, 1>
IFEF="4"THENFRINTHZOL . "CPA, . 25" : GUTOZ204e
IFEF="~"THEHNFRINTH#ZO1, "CFQ, -, 25" : GOTO04e
PRINT#Z0QL, “LO2LE"R4ETS

HENT

FRETURMN

HH=0 . $X=8:SY=0: XX=0: Xv=Q

FORM=1TONE

IFEUCIDKEITHENZ 1€0

IFEUCMIZESTHEN21ITO

IFSR{MIK-1 THEN2168

Hi=NH+1

=HYSEUMI PP (MDD

+EUCHD

SY+FFP M

¥i=XMe(EUCMY > 12

HERT
BE= (SN =X #3537/ (NHESX=SK12)

MM (HHREY=SXESY )~ (M SR

PRINT"THE SLOFE OF THE LINE I15".MM

FRINT"THIS COFRESPOND3 Tu A TEMPERATURE OF ", -,8i45.MM
INFUT"DO YOU WANT 1T DFAWH OH THE FLOT",A+
IFRE="H"THEN227TO

IFE1>=NL+2000THENE 1 =E 1 -2000

IFEZ (=<H=-2000THEHEZ=E2 + 2000

FRINTH20L. "PRPU"STRECEL >, "STRECMMPE L +ER)

FRINT#2OL, "PAFN"STRELES) ", "STREMMREZ+RE ", PU"
FRINTH201., "PR"STRSC(EI+E /20", "SIRF(MM$((ELI+EQ)>"2)+BB>
FEINTHZOL., "S5.CFP1, 1.LO1. LB STREUIHT(=. 6243/ M35 K"ETS.
FETURH

INPUT"TITLE FOR DISK REZOFD".TDS¥
OFENS.3,5.%0: "+TD&+", SEU, WRITE"

V=@

FORM={TONE

IFZRMID==1 THENY= '+

HEXT ’

FRINTHS,V,LFS,

FORM=1 TONE

IFSFa =1 THENZ33D

FEINTH#S,EUC LFS,;PP(M)LF S, SF(MI;LFE, RACM LIS, SR(MYLFS,
NE=T

@ 3



~

L

380%
3010
3020
3030
3040

. 045

304n
0S8
3950
3070
3039
3090
3100
3110
3120
3130
3140
3150
31€09
3170
3180
315¢
3200

205
3210
321
3214
3216
3217
3218
3220
3230

Saso
So29
Sioe
©110
c120
5136
S140
S1%0
Si60

CLOSES

FETURN

INPUT"RANGE OF VHLUE3. LO, HI",;EL1.E2
INPUT"METASTAEBLE E ¢(IMN CM=1)>",EHM
INPUT“TOTAL EuUND ENERGY",EER

3 ER=EM-EE

SH=0 . SYs0 HNe@  XX=@  XYad  Yy=0

FQRM=1TONE
IFELICMOICEITHEN3130
IFEULMOSEZTHENSLI 3D
IFSR{MIC~1 THEMNI31 30
IFSR(MIm=1 THENW=1

IF3R (M >a@THENW=2

HN=NH+I4
TH=LOGCEAR-EUCMI>/L0OG 1)

TY=RACM)

SX=Sx+ THMW

SYaSvY+TYeld

KPmxy + T TY W

Y+ TR TR

XX mikie TXH TXMW

HE

DHENNBXX~SXHSH
FO=(NHBKY=-SX¥5Y DN

K= (NXESY=-SX¥'Y) /DN

F=(NN‘XV—5\!‘“)/(SUR\HN!XX-bKISK)‘«QR{NNOVV-SV!bV))

PRINT"WNPOWER IS “,FO

FRINT"K IS ".K

FRIMT"R 15 "R

V=0

FORL=1TONE
IFEUCL)IKELITHENR230
IFEUCLY>E2THEN3230
IFSR(LIC~1 THEN323@
IFSR(M)= =1 THENW=1
IFSRCMI>=QTHENW=2

DV=DY+ (RACL) =K=-PORLOGCER-EUCL Y ) /LOGC18) ) 128
NEXT

DDV CHH=2)

FRINT"®UMRSTL DEV IS ", SOR{DY

FRINTY OF PUWER "To ", SEE{NHeDY.'DHy

FRINT® . OF K I5 ",S@FD 2T
INFUT DD YO WRNT THIS CURVYE DRAWN OH THTC FLOT" A
IFAs="1"THEMFETUFN

PRINTHIOL, "FAFUNSTREECNL I Y "STRECK+FORLOG ER-NLD ALOG 180 )
FRINTHZOL . "FD"

FORFM="L TGO HETEFRZS

FEINT®ZOL . "FARYSTRE(MO ", "STRE L +FOQELOGCER=M: - LUG 1G> >
NE..T

FRINTREOL, "FU"

FETURH

OFENL. 4

INFUTHEDC " M

IFM=OTHEN3OSY

CR=LOGIK+PO# (ER=-EU(M 5D /LOUCLIV2
FOSRMDORCIQTCCR=-RAMMLI I~
FRINT#1,EUCI) L KQ

CGOTO4010

CLO3EL :RETURN

IHPUT"FIT FOR WHRT RHANGE",E!l.E2
INPUT "FOWER" ; PO

INPUT"GUES3ES FOR K, Er";GK,GE

V=9 N5=0

FORK=1TQHE

IFEUCKICEI THENS 1 00
IFEUCK)ICEZTHENS 109

IFSRK) ==2THENS 100
IFSRCK Ym=] THENW(V+]1o=1
IFSR(k))-GTHENN\VOI)CSQR(Z)

Vmiy+]

HSeNS+W(VY I 12

VRACE, VImEUCKD (YARCL, VISRACK) #W Y

NEXT

DK=@  DE=¢t: SU=Q

FORI=aTO1

CB(l =08

FORK=@TO1

B(l.K)=@

NEXT: NEXT
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5120
Saon
S213
5230
S24@
5250
S2ee
S270
S280
S23
S$30uv
ST10

cn-
R

5330
5240
5350
S350
£370
5350
s339
S400
5465
5410
5420
5432
S$440
5450
5450
5490
5508
S516
520
£539
5540
5550
5569
5570
5575
s576
550
66105
€010
020
S630
6949
6059
6960
6075
8075
5630
5090

90-110

150-220
270-680
455-470
600-640
780-800
900-920
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FORJI=1TOV

DLCI =R ], I =W IR (GK+FUSLOG(GE~VAL D, IO /LOGC1a) )
NEXT

FORJ=1TOV

D@, JoslCI) iDL, JomWNC T, 3543¥F0O ACCE-VYHCQ. ID >
NEXT

FORI=OTO!L

FORJ=1TOY

CECI>=CBCI -+ C1,J#DLCID

NEXT:NENT

FOrR1=0T01

FORK=GT(Y

FORJI=1TOw

ECL,kD=ECT,KO+D{ I, J0¥DIK, 1>

MEXT HEXT -NEXT

DT=ECE, .»#EC1.1)=-B(B.,1>1%2

X=E<A, 2) ' k(Q.8>=B(1.,1)>/DT:E(1., 1)>eX/DT
BCO, 10==1%ELQ, 1>/DT EX1,60=5{0.,1)
FORI=0TO1
Dit=DK+B(O, I >%CRB{])> : DE=DE+R(1, I>)®LB(I)
HEXT

GK=GK+Dk : GE®GE+DE

FRINTGK, GE

GETSS: IFS$=""THENS440

IFR$="Y" THENSO0Q
IFABS(DK>> . 001 THENS110
IFARBESC(DE>>.2THENS110

CH=ER(B, 1)/ (30QR(BLE, 0) >¥3OR(BC1,12))
FRINTYCORRELATION [5",CN

FRINT™ Rt = “,CNt2

FORJI=1TCY

SS=SS+C(YACL L, JI=WIJ ¥ (GK+PORLOG(GE~VR(B.J» ) /LUGC1U))>)> 12
FRINT"STD DEV OF K=“,2#SUR(E(O.,QI¥53/(NS=2))
PRINT" OF Er=";2%5QF (B{1., 10835/ (N3=2>)
INPUT"DO YOU WANT IT DRAWN CH"; RS
IFA$="N"THENSE?S

EA=GE : K=Gk  GUSUEZI3Ue

INPUT"MEW QUE3Z",AS

IFAS="v"THENSULQ

RETURM

INFUT"TITLE"; TDS

OFENS.S8.S5."0 "+TD$+",SEQ,REARD"
INPUT#S, NE

FOFRM=1TONE

IHPUT#S., EUCMD . PP(M), SF (M), RHC(M, , SKCMD
NEXT

CLOSES

RH=EUCM=-1)
INPUT"POP : YLOW. YHIGH" ; ¥1. %2
INPUT"RRATE : YLOW., YHIGH" Y3, Y4

GOTO?60

Formatting of title of plot

Manual input of wavelengths and intensities
Printing of rate and population calculations
Rate and population equations

Finding the extremes of populations and rates
Set-up for population plot

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 Subroutine: Copy of P & R data on the disk

3000-3270 Subroutine: Linear least squares routine for best

rate curve

3300-3360 Subroutine: Printing of difference between calcu-

lated and observed rates

“y



- 5000-5580

" plots

6000-6090
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Subroutine: Nonlinear least squares fit for rate

Subroutine: Reading P & R data from disk
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