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I. INTRODUCTION

The potential for an electronic transition chemical laser

from C2 Swan band chemiluminescence produced in the reactions of

alkali atoms with CC14 vapor has generated worldwide interest.

Palmer and Miller (Ref. 1) first reported chemiluminescence from

alkali-carbontetrahalide reactions followed by similar observa-

tions from a Russian group headed by Bugrim, et al (Ref. 2).

Subsequently, Miller and Palmer (Ref. 3) and Naegeli and Palmer

(Ref. 4) showed that the populations of the vibrational levels of

the excited C2 state were inverted. More recently, a Chinese

group, Xuechu and Nanquan (Ref. 5) and Wang et al (Ref. 6), and

Luria et al (Ref. 7) have studied the relaxation kinetics of the

excited C2 during the reaction. The dynamics of the reaction are

still unknown except that the spectrum must result from a recom-

bination of carbon atoms and/or molecules.

This report describes the preliminary results of similar

types of reactions with alkali atoms and tetrahaloethylene

molecules, such as C2C1 4 , which produce a very different and

anomalous blue-green chemiluminescence (Ref. 8).

II. EXPERIMENTS

Figure 1 is a schematic diagram of the experimental arrange-

ment used for most of the experiments which will be discussed in

this report. The reactions took place in a 300 ml evacuated Pyrex

3



cell attached to a vacuum-gas handling system. The cell contained

an alkali metal and was heated to maintain alkali vapor pressuresP

in the range 1 - 100 Pa.. The C C-14 was admitted to the cell

through a controlled leak at a rate necessary to establish a uni-

form luminescent glow throughout the cell. The chemilumiriescent

*spectra were recorded with an optical multichannel analyzer.

To vacuum-gas-V
handling system

Stainles steeoHeale

alkali metal

Figure 1. Experimental arrangement.

1. BLUE-GREEN SPECTRUM

The blue-green spectrum was observed in the following

*reactions: Li, a,K,Rb,Cs + C F, Na,K,Rb,Cs + C Cl, Na,K,Rb,Cs +

CF (CF )11CF3  Cperfluorohexane), Na,K,Rb,Cs + CF 3 CF) 1CFa'CF2

*(perfluoroheptene), Cs + CCI 2F-CC1P2 (trichlorotril'luoroethane),

*K,Rb + CF 3 C 2 CF2 I (perfluoropropyl iodide), and Cs + C4 F8 -

Figure 2 shows some representative spectra. The spectra areL

* independent of the alkali atom Involved and the halogen atom.
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The common element is the presence of more than one carbon

molecule.

7-

Cs*CCJ2 F-CCIF 2
6 (Ttchorotrif iuooethone

S 5-
Rb*CF 3 (CF2 )4 CF'CF 2

4 (Pevfluorheptee)

3-
K. C2 Cl4

S 2-

K+ 2 F4

0zF .. ..- .. . .

4000 5000 6000
Wavelength (1)

Figure 2. Representative blue-green spectra.

The spectral source has been narrowed further because it was

discovered that the molecule must have carbon atoms bonded to

carbon atoms, i.e. there must be either a C-C or C-C bond in the

reactant molecule. The reaction with Cl COCOCI produces an

inverted Swan spectrum of C2 identical to that from the reaction

of CClg (Fig. 3). In this molecule, the carbon atoms are not

• bonded to each other but to a common oxygen atom.

There is also evidence that the reaction producing the blue-

' green spectrum requires at least one stripped C2 molecule. The

, reaction with trichloroethylene (C2HCI3 ) did not produce either

the blue-green spectrum or the C2 Swan spectrum. The alkali

halogen bond energy is greater than the carbon-halogen bond

5 J. "



energy so the alkalis can strip halogens away from the carbon but

the alkali-hydrogen bond energy is less than the carbon-hydrogen

bond energy so in this reaction the stripping by the alkalis

results in C2 H molecules.

- Cs*C 3 C0COCI
5:

43

I

2 (6-4)

01
4000 5000 0 6000

Wavelength (A)

.I-:;:

Figure 3. Population inverted 02 Swan spectrum.

In the reaction K + CC It was reported in Reference 14

*that the population inversion in the Swan spectrum of 02 was

independent of Argon (Ar) buffer gas pressure from 25 to 2500 Pa.

* Luria (Ref. 7) measured a quenching rate for the excited state of

C 2 due to Ar and Xueche (Ref. 5) has subsequently confirmed this

laboratory showed no vibrational relaxation with 2.6x"'4 Pa of He

. ....... %
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the blue-green spectrum. Figure 14 shows the results of adding 25

torr (3325 Pa) of He to a Cs + CC4reaction cell. The blue-

green spectrum is unaltered. The addition of two atmospheres of

He did not alter the spectrum other than to reduce the intensity

due to the reduced diffusion rate.

71
6

5

0 . C .C°o.

31-

.2-

K C2 Cl4

4000 5000 6000
Wavelength (A)

Figure 4.* Effect of buffer gas on the blue-green spectrum.

In its high resolution mode, the OMA has a resolution of 1.~4

angstroms per channel. With this resolution, the blue-green

spectrum still appears structureless.

i'.,

2. LASER SPECTROSCOPY

Numerous laser spectroscopy experiments using continuous

wave and pulsed dye lasers and an Ar laser failed to produce any

detectable laser induced emission from reaction cells. The Ar

7 C
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laser has several lines which overlap the observed blue-green

emission. No laser induced fluorescence was detected during the

reaction due to absorption of Ar+ laser lfght. In an attempt to

monitor the observed blue-green emission as a function of C2

density (and to determine if C2 was present) the cw dye laser was

tuned to the 1-0 transition (5635 A) of the C2 Swan system and

the N2-pumped dye laser was tuned to the 0-0 transition (5165 A)
32

of the same system and passed through reaction cells burning Cs

and K + C2C4 and perfluorohexane. No C2 emission was ever

observed. However, this is not conclusive evidence that C2 is

not present since laser induced emission was not detected in a DC

discharge in C2C4 which produced 02 Swan band emission. The

lower state of the Swan system is not the ground X state of C2

but lies about 700 cm- 1 above it. The near infrared X - A

transitions of C2 could not be directly excited but A - X

emission was never observed from either the alkali-CC1 4 or

alkali-C2 Cl 4 reactions.

3. GAIN MEASUREMENTS

Several attempts were made to detect gain from the blue-

green emission using the 4880 Ar+ laser line and a multiple-pass

reaction cell as shown schematically in Figure 5. Each laser

pass went through about 10 cm of the reaction volume. The

following configurations were attempted: 9 passes through Rb +

perfluoroheptene, 9 passes through Cs + perfluorohexane, 7 passes

IL through K + perfluorohexane and 5 passes through the same reac-

tion with the laser beam expanded to fill the volume, and Cs +

............................................. °•.. . .. ..-



perfluorohexane with a buffer gas added. The results were all

negative. Future gain measurements are planned monitoring the

decay time of the N2 -pumped dye laser pulse and a reaction cell

inside an etalon cavity. This arrangement will circumvent the

problems encountered in these experiments with laser beam Jitter

and refraction effects.

Glass Plate Ar LAS

Ie Allen,

~~~1/ MAS speCTtra-P

orgn fte le-re ems In, it wa"eiddt tyms

To vacuum system

spectroscopy.~~~~~ The ai wasanptllietomntr te-ecto

I ' _ hotometer

M a 

t d
e mr 

t is

:: ~~~eae ' "'-K -- "

....Figure .. Gain measurement apparatus...

-" ~ 4.MASS SPECTROSCOPY . -::':
"" ~Since laser spectroscopy was unable to shed any light on the ::-

origin of the blue-green emission, it was decided to try mass -.!

" ~spectroscopy. The aim was, and still is, to monitor the reaction "'.

::: + prodiucts as a function of the reactant densities and blue-green:.-
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dynamics. The Air Force Weapons Laboratory loaned a mass spectro-

meter for this purpose. It was determined that the reaction

could be run into the spectrometer and that reaction products

could be detected during and after the reaction. The cracking by

the mass spectrometer makes it difficult to distinguish reaction

products from mass spectrometer cracking products. Several runs

were made with inconsistant results before it was realized that

reactions with the alkali metal on the cell walls was the

dominate effect that was observed with the mass spectrometer. A

new cell configuration was designed, but before it could be

tested, the mass spectrometer self-destructed. Subsequently,

a quadrupole gas analyzer was purchased and the work is

continuing.

5 OTHER RELATED EXPERIMENTS

During the course of these experiments several other inter-

esting effects were observed which will be investigated further.

To summarize the basic findings, the gas phase reaction of alkali

metal atoms with halogenated molecules is exothermic and produces

excited states in a variety of atoms and molecules.

a. C3 Spectrum Figure 6 shows the spectrum obtained from

* the reaction of Cs and C3 F7 I (perfluoropropyl iodide). In addi-

tion to the usual blue-green spectrum and some atomic Cs lines,

* there is the Comet Tail spectrum of C which peaks around 4050 A.

* To our knowledge, this is the first observation of a chemically

.j. produced C3 spectrum.

10
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4-
Cs+C3 F7 I

CC

< itf3
2:%s

74

0)

4000 5000 6000
Wavelength (A)

Figure 6.Chemically produced C 3 spectrum.
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b. S2 Spectrum Figure 7 shows a typical spectrum from the

reaction of K and SCI2. Analogous to the reaction with CC14 pro-

ducing the 02 recombination Swan spectrum, the reaction with SCl2

produces electronically excited S2- The emission has been iden-

tified as that from the B -X system, which is a known lasing

system.

c. Atomic Ca Spectrum The reaction of Cs atoms with SC1 2

does not produce the recombination spectrum of S2 shown in Figure

7 but produces a bright flame which consists almost entirely of

atomic Cs lines. Figure 8 shows part of the spectrum. The tran-

* sitions identified originate from the s and d states of the n-7,

8,9,10,11, and 12 levels and terminate at the 6p state. There

are several infrared transitions which are allowed but which are

outside the range of the detector. These high lying Rydberg

*states have progressively longer lifetimes and it is possible

* that population inversions exist between some of these upper

levels.

d. K2 Spectrum In the process of trying to understand the

* dynamics of the 02 Swan system production, an attempt was made to

*alter the vibrational populations with inert buffer gases. As

* stated earlier, there was no buffer gas effect with the K + CClI

reaction. However, Figure 9 shows that the addition of a buffer

* gas to the reaction of K + CBr 4 produced a more thermal vibra-

tional distribution in the Swan spectrum of 02 (This new

.- %

* information was considered to be relatively useless since it

could not be determined whether the effect of the buffer gas

occurred before or after the formation of 02 molecules.) Figure

122
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7
Cs+SCI 2  Cs Spectrum

6 Transitions to 6p state

in 7d

5- 7d

4

8d

3-

8d 9s

g 2 9d

9d A-5
,,d ,kA ^^

5500 6000 6500 7000 7500
Wavelength (4)

Figure 8. Chemically produced Cs Rydberg series.

6
(6-5)

K+ CBr 4

> 4 vacuum

-3 K"-:'

'2 K (6-7) yellow- - ~~(6-4) spectruml 1 -,,.

;-) 0-,,0

0

0 4000 5000 6000
Wavelength (A)

Figure 9. Vibrational relaxation of the C2 Swan system.
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9 also shows a yellow emission in the range 5700-5850A. Under the

proper conditions, this spectrum dominated the flame, at which

time the entire cell glowed yellow and the OMA showed no other

spectral components. The effect was reproducible. Figure 10

shows this yellow spectrum under higher resolution. It has not

been identified but the most likely candidate, on the basis of

elimination, is K2. The Rb + CBr 4 reaction showed no such

spectrum and neither did the reaction of K + Br2 or CI4 . This

effect will be investigated further.

5,
5847K*CBr4 ..

Unidentified yellow 5857
S-4 spectrum 5709

5696

-2

C 58335879

5400 5600 5800 6000

Wavelength (A)

Figure 10. Unidentified yellow spectrum from K + CBr 4.

III. CONCLUSIONS

An extensive amount of spectroscopic information has been

accumulated on the chemiluminescent reactions of alkali atoms

14
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with halogenated hydrocarbons but as yet the source of the J
anomalous blue-green luminescence has not been identified. The

* observation of this anomalous emission was reported in a

previously published paper (Ref. 8) and it was speculated that

the source might be C4 molecules. This was based on theoretical

calculations of the C4 spectrum and an analogy between CC14 pro-

ducing C2 emission and C2C14 producing C4 emission. This expla-

nation cannot be ruled out. Other possibilities include

previously unobserved C2 emission from high lying levels of the A -I

state (i.e. A - X emission) or highly perturbed Swan emission.

Apparently, little is known about the structure of the A state

for v' greater than 8 because these levels are not easily acces-

sible from the lower levels of the X state and recombination

(observed in discharges) favors formation of the triplet system,

i.e., Swan band emission. If it is dimer emission, it is

difficult to account for the broad, unstructured emission width

and why C2 Swan emission is not observed. Another possibility is

emission form an intermediate process. In C2C14 the carbon atoms

share a double bond. In C2 CI2 the carbon atoms share a triple

bond. The difference in bond energies is about 58 kcal/mole or

5000 A. It may be possible that when an alkali strips a CI atom

from double bonded C2C3 to produce triple bonded C2C2 the

energy is given up radiatively. This might be independent of the

alkali and halogen and account for the broad emission width. The

four emission peaks may reflect the order in which the halogen

atoms are stripped. Yet another possibility is previously

unobserved emission from C3 molecules. It is hoped that the new

35



mass spectrometer will provide the additional information

necessary to determine the source of this emission.

Since there is considerable interest in the dynamics of the

alkali-CCl4 reaction, it is hoped that the use of the mass

spectrometer will shed light on this system as well. The

analysis in this case is simplified because the emission is known

to originate from C2 molecules.

The main conclusion drawn from this research is that the

reactions of alkali atoms with halogenated molecules produce

excited states of molecules and atoms, several of which are pre-

viously unobserved. Continued research on the molecular dynamics .

involved in these reactions should enhance the basic knowledge

and aid the search for an electronic transition chemical laser.

16
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