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STUDY OF KrCl/Kr^Cl EXCITED STATE KINETICS 

USING SYNCHROTRON RADIATION EXCITATION 

by 

Michael G. Durrett 

ABSTRACT 

Formation and decay of KrCl/Kr.^Cl excited states have 

been studied by following the time decay of KrCl (B) and 

KJ^CI fluorescence. C12*, excited at 135 nm, reacts with 

Kr to form KrCl* and subsequently K^Cl. The decay of 

KrCl* B-state emission at 220 nm shows a two body dependence 

on C12 and Kr similar to those observed previously, along 

—31 6 —1 
with a Kr2 dependence (~ 4x10 cm sec ), presumably 

leading to Kr2Cl formation. The Kr2Cl emission, moni¬ 

tored at 340 nm is strongly quenched by Cl2 (~ 6.7xl0
-^ 

3 —1 
cm sec ), and has a long radiative lifetime (> 300 nsec). 
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INTRODUCTION 

Over the last ten years there has been considerable 

interest in the development of high energy VUV lasers by 

pumping high pressure rare gases with electron beams. 

This interest stems from the fact that the initial energy 

in the electron beam is converted into excitation energy 

of the first few excited states of the rare gas target 

with an efficiency that can approach 50% [1] • Much of 

this energy it was thought, could be extracted via the 

radiation emitted by the excimer molecules formed from 

three body reactions between the excited and ground state 

atoms. This, coupled with the fact that the ground states 

of the molecule are repulsive and hence unpopulated led 

to predictions of high efficiency [2]. Experimental re¬ 

sults and more detailed models however have shown that 

other processes, in particular photoionization of the 

excimer, limit the overall efficiency to about 1% [3]. 

The disappointing efficiencies of the pure rare gas 

systems provided motivation to find a method for effici¬ 

ently transferring the energy stored in the rare gas to 

other gas molecules. This has led to a number of laser 

systems, the most important class of which is the rare 

gas halides. By mixing a small amount of a halogen with 

the rare gas it is possible to efficiently transfer the 

energy from the rare gas to the rare gas halide excimer. 

1 
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In fact, with the addition of just a few tenths of a per¬ 

cent of halogen, one finds that the spectrum becomes com¬ 

pletely dominated by the emissions of the rare gas halide 

[4] . Furthermore, it appears that the transfer of excita¬ 

tion energy is quite specific with branching ratios for 

forming the rare gas halide being very close to unity [5]. 

This population of a few specific diatomic molecular states 

along with a repulsive ground state potential and the fact 

that the radiation can no longer photoionize the precur- 

ser, allow the possibility of efficient lasers. 

In order to both optimize the lasing radiation and to 

scale the system size it is necessary to have a detailed 

model of the pertinent reaction kinetics associated with 

the upper levels of the laser transitions. Information 

regarding these kinetic processes may be obtained by 

studying the intensity ratios of the emission features as 

a function of the partial pressures of the mixed gases. 

A more direct method, and one which allows less chance for 

misinterpretation, involves monitoring the time dependence 

of the laser band fluorescence following a short burst of 

high energy charged particles or photons. 

The observation of the fluorescence time dependence 

is generally done under two dissimilar conditions. In the 

first the fluorescence is monitored following excitation 

by a high current source of high energy electrons, condi¬ 

tions similar to those employed in operating lasers. The 

time dependence can then be fit with the kinetic model 
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describing the reactions pertinent to the excited states. 

At these high levels of excitation, however, there are 

many reactions happening simultaneously with collisions 

between electrons, ions, and excited molecules and between 

two excited molecules playing major roles [6,7]. Because 

of the large number of reactions it is very difficult to 

unravel the complex chain of events. At lower levels of 

electron beam excitation it is possible to remove many of 

the reactions from the kinetic chain and hence partially 

isolate some of the individual kinetic processes, though 

interpretational problems still arise because the inci¬ 

dent electron beam simultaneously produces ionization and 

excitation to many different initial states [8]. A new, 

more powerful technique involves the use of pulsed mono¬ 

chromatic. electromagnetic radiation. For sample excita¬ 

tion the advantages of this photoexcitation method are 

twofold. First there are no electrons or ions produced, 

and secondly, the states of interest can be selectively 

excited. The fact that individual states can be excited 

allows even more selectivity in isolating the various re¬ 

actions to be studied. This selectivity has been shown 

to be a significant advantage over lower level electron 

excitation [9] . 

The present work involves the study of excitation 

transfer reactions in mixtures of krypton and chlorine 

excited by pulsed monochromatized synchrotron radiation 

from the Stanford Positron Electron Accelerating Ring 
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(SPEAR) . The time dependences of the KrCl (B-X) and Kr2Cl 

fluorescence bands at 2200 A and 3250 A, respectively, 

were measured following repetitive pulsed excitation at 

1350 A, and radiative lifetimes, formation and quenching 

rates were determined. 



ELECTRONIC PROPERTIES OF THE RARE GAS HALIDES 

Since the first observation of the emission spectra 

of the rare gas halides [10,11] there has been a major 

effort to provide a theoretical understanding of the ob¬ 

served spectra. The upper excimer states of the transi¬ 

tions were almost immediately identified as ion pair 

states with the lower levels of the transition being 

essentially unbound covalent states [12]. Since then the 

most extensive work on the characterization of these 

states has been done by Dunning and Hay [13,14]. In two 

separate papers they present the results of ab initio 

calculations on the ionic and covalent states of the rare 

gas monofluorides and xenon halides. A separate paper by 

Krauss [15] discusses the electronic properties of these 

states in a more qualitative manner. The first section 

of this chapter presents a general review of their results 

with the observed spectra being discussed in the second 

section. 

1. Structure and Transition Moments 

In the absence of spin orbit coupling the covalent, 

Rg(*S)+X(2P), and ionic, Rg(2P)+X(?-S), separated atom 

2 + 
limits of the rare gas halides each give rise to £ and 

2 
TT states. The orbital diagrams for these states are 

shown in Figure 1. From these diagrams it is apparent 

5 



Figure 1. Orbital diagrams for the covalent and 

ionic 22+ and 
2 

TT states of KrCl*. These diagrams are 

taken from reference [13] . 
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that, apart from the coulombic attraction in the ionic case, 

all states should be repulsive. The degree of this repul¬ 

sion will be proportional to the number of pa electrons 

since the overlap of the atomic charge distributions is 

dominated by the pa orbitals. When the coulombic attrac- 

2 + 2 
tion is included in the ionic case the 2 £ and 2 TT states 

will be bound out in both the ionic and covalent limits 

2 + 
the s with its three pa electrons is expected to lie 

2 
lower in energy than the TT which has four pa electrons. 

Typical results for the potential curves without spin or¬ 

bit coupling are illustrated in Figure 2. 

Spin orbit effects are expected to have a profound 

effect on the properties of the rare gas halides. Spin 

2 
orbit coupling splits the P states in both the separated 

atom ionic and covalent limits. For the heavier rare gas 

halides this results in a substantial splitting in the 

2 2 
separated atom ionic limit since the Pl/2- P3/2 splitting 

is then due to the rare gas. The covalent limit will not 

be affected as much since the splitting in this case is 

due to the lighter halogen which has a spin orbit effect 

typically much less than that of the heavier rare gas. 

In a molecule only the z component of the total angu¬ 

lar momentum ft = A + E, is a good quantum number. Hence 

the spin orbit splitting results in three potential curves 

originating from each separated atom limit. These curves 

are, by convention, labeled by their values of ft with the 

covalent curves being 11/2 (or Xl/2), 13/2 (A3/2), and 



Figure 2. Dunning and Hay's [13] calculated 

potential energy curves for the covalent and ionic 

states of XeCl*. These curves were calculated with¬ 

out spin orbit corrections and are expected to be 

similar to those of KrCl*. 
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II1/2(Al/2) . For the ionic states they are labeled 

III1/2 (Bl/2), II3/2(C3/2), and IVl/2(Dl/2). A typical set 

of potential curves is shown in Figure 3. The potential 

curves for the ionic states of KrCl are shown in Figure 4. 

The spin orbit effect will mix different amounts of 

the 2 and rr states into the corresponding f) = 1/2 state. 

The relative admixtures of these states as a function of 

the internuclear distance should go as follows. For the 

covalent states, as the internuclear separation, R, de- 

2 + 2 
creases the 1 2 and 1 TT states rapidly separate. Hence, 

at small R, where the atomic spin orbit coupling is ex¬ 

pected to be quenched, the 11/2 state is expected to be 

nearly pure E • The 13/2 and II1/2 states will then be- 

2 
come the two components of the 1 TT. At large R the 11/2 

3 + 2 
state is a mix of 2/3 2 and 1/3 TT and is therefore ex- 

2 + 
pected to have a larger component of 2 than the II1/2 

2 
for all R, with the 13/2 remaining a pure TT over the 

range of R. 

2 + 
For the ionic states, as R decreases, the 2 2 and 

2 
2 TT remain nearly degenerate and it is therefore expected 

that the admixture of ^E+ and ^TT in the III1/2 state will 

remain roughly constant as R decreases until the III1/2 

state crosses the II3/2 state. At this point the III1/2 

2 
should take on more of the TT character vint il finally it 

and the IVl/2 state become the two components of the TT 

state at small R. When the spin orbit splitting between 

2 2 
the Pl/2 and P3/2 states becomes large, as in most of 
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Figure 3. Dunning and Hay's [14] calculated 

potential energy curves for the covalent and ionic 

states of XeCl*, including spin orbit corrections. 

The potential energy curves for KrCl* will be very 

similar except that the splitting between the IVl/2 

and III1/2, II3/2 curves will be less while the 

separation between the ionic and covalent manifolds 

will be greater. 
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Figure 4. The ionic states of KrCl* [30] 
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the rare gases and heavier halogens, the upper Cl = 1/2 

2 + 
state (II1/2 or IV1/2) will take on more of a 2 character 

2 + 
at intermediate R. This will decrease the amount of 2 

in the lower fl = 1/2 states but the trends above as R de¬ 

creases will remain the same. 

A major factor contributing to both the shape of the 

potential curves and the calculation of the transition 

moments is the amount of configuration mixing between the 

covalent and ionic states. Since this mixing is propor¬ 

tional to the overlap of the atomic orbitals between which 

the electron is transferred those curves with a large com- 

2 + 
ponent of 2 should experience the most mixing while 

2 
those with a large n component experience very little. 

The mixing will also be proportional to the energy separ¬ 

ation between the covalent and ionic states. Since this 

separation is roughly proportional to the difference be¬ 

tween the excitation energy of the rare gas and the elec¬ 

tron affinity of the halogen the heavier rare gases should 

experience a greater degree of mixing. The mixing will 

have two major effects. With reference to the potential 

o J. 
curves, the mixing is strongest between the E ionic and 

. . . 2 
covalent states. Addition of the bonding 2 E to the anti- 

2 + 
bonding 1 E will decrease the amount of antibonding in the 

lower 1 E • This will tend to flatten the 11/2 potential 

curve and in the case of XeF actually acts, in conjunction 

with the Van der Waals interaction, to make the 11/2 curve 

2 + 
bound. Conversely, when the lower 1 2 is mixed into the 
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2 + 2 + 
upper 2 2 the 2 2 will become less bound. The crossing 

2+2 
of the 2 2 and 2 n at small internuclear separation has 

been attributed to this effect. 

The configuration mixing will also, to a large extent, 

determine the most likely transitions. Since, as men- 

. 2 + 
tioned above, the 2 components experience the most con¬ 

figuration mixing those curves with the greater amount of 

2 + 2 character should be the most strongly coupled. This, 

in fact, is the case with the two strongest transition 

probabilities corresponding to the B-X and D-X transitions. 

A third transition which occurs with an appreciable proba¬ 

bility is the C-A transition. It should also be mentioned 

that since the charge transfer and spin orbit effects are 

strong functions of the separation, the transition proba¬ 

bilities will be strongly dependent on the vibrational 

level. 

2. Spectra 

Emissions from a number of the rare gas halides have 

been reported [16]. These emissions have generally 

occurred in those rare gas halides which contain either a 

heavy rare gas or a light halogen. The reason is that if 

the ionization potential of the halogen is much lower than 

that of the rare gas the ion pair states and those of some 

of the Rydberg levels may be quite close in energy at the 

equilibrium internuclear separation determined by the ionic 

states. If many of Rydberg levels are such that they allow 
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predissociation then mixing between these states and the 

ion pair states will diminish the efficiency of the ionic 

covalent fluorescence. 

In those rare gas halides which do fluoresce the 

strongest emission in each case corresponds to the B-X 

transition with range in wavelength from 108 nm in NeF to 

about 351 nm in XeF [17] . In all cases except NeF, ArF, 

and XeBr there is a second, broader, emission to the long 

wavelength side of the B-X peak. This emission has been 

attributed to the C-A transition [18] and is expected to 

be broader than the main B-X band since it terminates on 

the more repulsive 13/2 state. Another, weaker, peak to 

the blue of the B-X emission is also observed in most 

cases and is believed to correspond to the D-X transition, 

this band being about as broad as the main B-X emission. 

The fact that the D-X emission intensity is generally much 

less than the B-X indicates that the D state is effective¬ 

ly quenched by collisions to lower states in the ionic 

manifold [19] . 

In many of the rare gas halides one other, quite broad, 

emission feature is also found to be present at high pres¬ 

sures. This feature is always well to the red of the other 

three main emissions and, in part because the intensity of 

this feature becomes relatively strong compared to that of 

the B-X at high pressures, has been attributed to emission 

from a triatomic species [20]. In mixtures of krypton and 

chlorine this emission is centered at 325 nm and has been 
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attributed to emission from the triatomic Kr2Cl. 

The relative strengths of the above emissions depend 

not only on the pressure but also on the temperature and 

the method of excitation. In the case of the xenon halides 

the temperature dependence proved to be quite interesting. 

The fact that the ratio of the C-A to B-X intensities in¬ 

creases as the temperature decreases provided an indication 

that the C state, in the xenon halides, lies lower in energy 

than the B state, the energy difference being 600 cm ^ in 

XeF and 80 cnT^ in XeBr. The predicted ordering (B lower 

than C), however, was found in KrCl [21]. 

The method of excitation, as mentioned above, can also 

play a major role in the relative strengths of the emis¬ 

sions. When high energy charged particles are used to ex¬ 

cite the sample numerous highly excited and ionic states 

are initially produced [8] . The relative intensities of 

the various emissions will then depend on the radiative 

lifetimes and the kinetic processes leading to formation 

and destruction of the upper levels of each transition. 

If, however, a specific state is initially excited many of 

these kinetic processes are bypassed. In this experiment, 

for instance, CI2 was excited at 1350 A while the Krypton 

was left unexcited. This method of excitation was found 

to produce a spectrum dominated by the B state emission. 

There was no D state emission and very little due to the 

C state. Furthermore, the emission feature at 256 nm due 
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to excited Cl2 found in e-beam excited mixtures was also 

very weak [22]. 

A schematic indicating the positions and relative 

widths of the emission features of Kr/Cl2 mixtures of in¬ 

terest to this experiment is shown in Figure 5. The inset 

identifies the transitions to which these features 

correspond. 



Figure 5. The major emissions of high pressure 

Kr/C2.2 mixtures. Each of these emissions has a dif¬ 

ferent pressure dependence and this drawing is meant to 

show only the relative widths and positions of the 

various features. 
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EXPERIMENTAL TECHNIQUE 

A description of the experimental technique employed 

and apparatus used to determine the time dependence of the 

emissions from mixtures of krypton and chlorine naturally 

divide themselves into three main components. In the first 

section the properties of the radiation provided by the 

Stanford Synchrotron Radiation Lab (SSRL) are discussed. 

This is followed by a section describing the gas handling 

apparatus. The final section describes the single photon 

counting technique employed in this experiment. 

1. SSRL 

The radiation provided by SSRL is obtained by picking 

off the synchrotron radiation emitted by electrons circu¬ 

lating in the Stanford Positron Electron Accelerating Ring 

(SPEAR). The schematic shown in Figure 6 details some of 

the properties of this radiation [23]. 

At the time of this experiment SPEAR was operated for 

the purpose of high energy experiments involving collisions 

between positrons and electrons. A single bunch of high 

energy electrons and a single bunch of high energy posi¬ 

trons were caused to traverse the ring in opposite direc¬ 

tions. Because of the radial acceleration needed to bend 

the trajectories of the charged particles into the shape 

of the ring the relativistic particles emit synchrotron 

23 



Figure 6. Some of the properties of the 

radiation emitted by electrons stored in SPEAR. 
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radiation. For the purpose of the high energy experiment 

this radiation is a significant energy loss and must be 

replaced by the application of microwave power. In this 

way the energy is held constant but the current will decay 

as electrons and positrons are scattered out of the beam 

with, typically, about 40% of the beam being lost during 

the 4-5 hours between injection of new bunches of positrons 

and electrons. 

The characteristics of the radiation emitted by the 

stored electrons have been detailed elsewhere [23]. 

Briefly, a high intensity continuum is emitted over a 

broad spectral range with a high degree of linear polari¬ 

zation, tight collimation, pulsed time structure, small 

source size, and in an ultra high vacuum encironment. For 

the purposes of our experiment the high intensity over a 

broad spectral range and the pulsed time structure of the 

beam make the radiation a nearly ideal photoexcitation 

source for time resolved measurements. 

The pulse width of the radiation is determined by the 

size of the electron bunch, the angular acceptance of the 

collecting mirror, and by the size of the cone of emitted 

2 
radiation (0 = me /E). As shown in Figure 6 these factors 

combine to wield a pulse width of less than 400 psec. The 

frequency of the pulses is determined by the size of the 

ring with the electrons, which move at approximately the 

velocity of light, completing one revolution every 780 nsec. 

This repetition rate, while providing a high data 
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acquisition rate, does cause some problems when the life¬ 

times being measured become larger than a few hundred nano¬ 

seconds . 

The radiation emerging from SPEAR is distributed accord¬ 

ing to wavelength range to various experimental stations. 

At the station where our experiment was conducted the spec¬ 

trum covered the energy range of 0-40 ev. This radiation 

is focused onto the entrance slit of a one meter Seya- 

Namioka ruled grating monochrometer. The grating is ruled 

with 1200 lines/mm with a blaze angle set at 540 A in first 

order. The adjustable bandpass of the monochrometer was 

set at 6 A. For these experiments the radiation emerging 

from the monochrometer is refocused to a spot size of about 

1X3 mm finally emerging at 0 degrees to the horizontal. 

At typical beam currents of around 10 ma and energies of 

about 2 Gev this resulted in an incident photon flux of 

about 1E10 per second or about 1E4 photons per pulse. 

2. Gas Handling System 

The gas handling system consisted of a stainless steel 

welded manifold and sample chamber. A schematic is shown 

in Figure 7. The sample bottles containing the krypton and 

chlorine were connected through valves to the manifold, as 

was a third bottle used for mixing the gases. Both the 

sample chamber and the manifold could be evacuated through 

a metal seal ultra high vacuum valve into an oil diffusion 

pump equipped with a refrigerated baffle. 
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Figure 7. Block diagram of the gas handling 

system used in this experiment. 
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The chlorine used in this experiment was CP grade and 

was obtained from Matheson. The krypton was supplied by 

Liquid Carbonic and was of research purity. 

To insure that the chlorine would not react with the 

walls of the system during the experiment the system was 

evacuated to about IE-7 torr and chlorine was then admitted 

to the sample chamber, manifold, and mixing bottle and 

allowed to remain overnight. This is found to passivate 

the system walls temporarily against further chlorine up¬ 

take. As an additional precaution no mixtures were 

allowed to remain in the mixing bottle or sample chamber 

for longer than one hour. When there were delays the old 

gas was discarded and a new mix prepared. 

Typical data sets involved taking time dependent 

measurements at various pressures and mixtures of the 

gases. To speed data acquisition a mix of a common ratio 

of the partial pressures of the gases was first prepared 

in the mixing bottle and then measurements were taken at 

various total pressures of this mixture. Each mixture was 

prepared by first evacuating the system and then admitting 

the desired partial pressure of chlorine into the mixing 

bottle. For the desired Kr-Cl pressure ratio, knowledge 

of the relative volumes of the manifold and the mixing 

bottle was used to calculate the pressure of krypton to be 

admitted to the manifold. The manifold was then opened to 

the mixing bottle to obtain the final mix. Since the kryp¬ 

ton was always at a higher pressure than the chlorine it 
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was felt that the turbulance created when the krypton was 

admitted to the mixing bottle was sufficient to mix the 

gases. This was verified by comparing data taken at dif¬ 

ferent time intervals following preparation of the mixture. 

The sample cell, as mentioned above, was constructed 

of stainless steel. There are three MgF2 windows brazed 

to confiât flanges which are in turn connected via copper 

gaskets to the sample cell. Two of the windows are on 

axis with the admitted radiation, the first being used to 

both admit the radiation to the sample cell and to isolate 

the gases from the common vacuum (IE-9 torr) of the mono¬ 

chrometer and SPEAR. The second window is about 3 cm down 

axis from the entrance window and is used to view the 

radiation transmitted through the sample gas. A third 

window is mounted normal to the axis of the incident radi¬ 

ation to view the fluorescence. The radiation entrance 

window is recessed slightly so that it is just out of view 

of this third window. This sometimes limits the fluores¬ 

cence intensity of those gases which strongly absorb but on 

the other hand it insures that the detected fluorescence 

does not originate on the window itself. 

3. Electronics and the Single Photon Counting Technique 

The determination of the time evolution of a particu¬ 

lar radiating molecular state is achieved by the use of a 

single photon counting technique. In this technique the 

fluorescence originating from a particular state is 
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isolated by means of a VUV filter. The transmission curves 

for these filters are shown in Figures 8,9. The time 

interval between a sample excitation pulse and the arrival 

of a single fluorescence photon from this state is then 

measured. This measurement is repeated many times finally 

resulting in a time of arrival distribution of the fluor¬ 

escence photons. Since the probability of detecting a 

single photon at a particular time is proportional to the 

number of radiating molecules present at that time, the 

time of arrival distribution of the photons is a direct 

measure of the time dependence of the population density 

of the radiating state. 

The principal components of the electronics used for 

data acquisition at SSRL are shown in Figure 10. For the 

measurement of the time of arrival distribution of the 

fluorescence photons the heart of the electronics is the 

time-to-amplitude converter (TAC). The TAC measures the 

time interval between the excitation pulse and the detec¬ 

tion of a single fluorescence photon. It then converts 

this time to an amplitude which in turn is stored in the 

multichannel analyzer (MCA). The TAC is started by a 

pulse from the anode of the fluorescence photomultiplier 

tube (RCA 8850). This pulse is first amplified and then 

fed into a constant fraction discriminater. When the 

anode pulse reaches a certain fraction of its peak ampli¬ 

tude, the constant fraction discriminater will then 

generate a fast timing pulse to the start of the TAC. The 



Figures 8,9. Transmission curves for the 

interference filters used to isolate the 220 nm 

and 325 nm emissions, respectively. 
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Figure 10. Schematic of the electronic data 

acquisition system 





38 

stop pulse for the TAC is obtained from an inductive pick- 

off in the storage ring and therefore occurs at a fixed 

time relative to the excitation pulse. 

In the single photon counting technique it is essen¬ 

tial that only a single photon arrive for each event stored 

in the MCA. This requirement is necessary since the TAC 

measures the time interval between the first photon de¬ 

tected and the next excitation pulse. If more than one 

photon were incident for each event then the electronics 

would distort the time of arrival distribution in favor of 

the early time photons. To meet this requirement, the 

pulse from the last dynode of the PMT may be integrated. 

For multiple photon events the integrated pulse will be 

larger than for single photon events and hence may be used 

to gate the MCA. At the count rates experienced during 

this experiment (~ 3000 covints/sec), however, it was felt 

that gating the MCA was unnecessary since the probability 

of multiple photon events was quite small. 

The resulting time response of the above system was 

obtained by measuring the time of arrival distribution of 

photons following prompt Rayleigh scattering. The width 

of this response is a convolution of several instrumental 

limitations the most severe of which is the spread in the 

transit times of the photoelectrons in the PMT. Since 

this spread is expected to be roughly gaussian a sum of 

threè gaussian functions was fit in a nonlinear least 

squares method to the response. The result is shown in 

Figure 11. 
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A second visible PMT was also mounted as shown on the 

gas cell. This PMT was operated in a linear mode and was 

used to monitor the transmitted light intensity. The 

transmitted light was converted to visible light by a 

scintillator and the output of the PMT recorded on the 

chart recorder. In a similar manner the fluorescence PMT 

was used to record the fluorescence excitation spectrum of 

the gas by linearizing its output with the ratemeter shown 

in Figure 10. In this way both a transmission and a 

fluorescence excitation spectrum could be recorded simul¬ 

taneously. 



Figure 11. System response as measured by 

the detection of promptly scattered light. 
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EXPERIMENTAL RESULTS AND DISCUSSION 

This chapter discusses the experimental results and 

their interpretation. In the first section the fluores¬ 

cence excitation spectra are presented and the insight 

they provide into the production pathways is discussed. 

The time resolved emissions at 220 nm and 325 nm and 

their interpretation are discussed in the second and 

third sections. 

1. Fluorescence Excitation Spectra 

To help discern the reaction pathways for the forma¬ 

tion of the KrCl B state and the radiating Kr2Cl state the 

fluorescence intensity of the emissions originating on 

these states was monitored as a function of the excitation 

wavelength. The resulting fluorescence excitation spectra 

for both the B state emission at 220 nm and the Kr^Cl 

emission at 325 nm is shown in Figure 12. In each case 

there are three main excitation wavelength regions, common 

to both molecules, which lead to the production of the radi¬ 

ating states. The first two excitation regions, centered 

at 1236 A and 1165A, have been observed previously in 

similar spectra taken with pure krypton [8] and correspond 

to the initial excitation of krypton near the P^ (123 nm) 

and ^.P (116 nm) resonance lines, with both resonance lines 

being broadened by the Kr*-Kr interaction. The dip in the 

42 
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Figure 12. Fluorescence excitation spectra. 

The partial pressures of the gases and the fluores¬ 

cence wavelengths are shown. 
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center of each excitation feature is due.to the geometry 

of the cell. At the wavelengths where the dip occurs the 

absorption is strong enough and the reactions producing the 

radiating states fast enough that the fluorescence is pro¬ 

duced entirely in the recession of the entrance window, 

out of view of the fluorescence PMT. One other noteworthy 

feature of these excitation bands is the sharp structure at 

3 
the red wing of the Kr* P^ excitation band, not present m 

pure krypton and believed to be due to absorption by the 

chlorine. In fact, Castex et al. [24] have noted that 

underlying both krypton absorptions there exists a chlor- 

ing background absorption extending down to the MgF£ win¬ 

dow cutoff wavelength which leads to KrCl*, and probably 

Kr2 Cl, formation. 

A third excitation feature, centered at 135 nm, can 

also be seen and has been attributed to formation of the 

radiating states via excitation of the chlorine [24,25]. 

This pathway seems to be as efficient in the production of 

KrCl* and K^Cl as primary excitation of the krypton and 

also presents, from the point of view of understanding the 

kinetics, a simpler way of producing the excited states 

since primary excitation of the krypton will also yield 

some primary chlorine excitation, complicating the analy¬ 

sis of the kinetics. 

One other feature of the 1350 A Cl^* excitation, of 

interest to this experiment, should be mentioned. Le Calve 

et al. [25] studied the time integrated emissions from pure 
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chlorine and from krypton chlorine mixtures following 

1350 A excitation. The pure chlorine was found to provide 

strong fluorescence between 135 and 200 nm with faint bands 

between 220 and 260 nm. In the Kr/C^ mixtures the Cl^ 

fluorescence was very strongly quenched but even at krypton 

partial pressures as high as 80 torr there remained faint 

bands at 258 and 200 nm, attributed to CI2* emission. The 

peak at 200 nm should fall within the bandpass of the VUV 

filter used to isolate the 220 nm emission (see Figure 8), 

and is expected to become stronger at lower krypton par¬ 

tial pressures. As will be shown in the next section, the 

possibility of the temporal behavior of the * emission 

being superimposed on that of the 220 nm emission greatly 

complicates the analysis of the temporal data. 

In summary, there appear to be three main reaction 

pathways of comparable efficiencies, leading to the forma¬ 

tion of the radiating states. These pathways are common 

to both the KrCl* and Kr Cl excimers and include primary 

O I 

excitation of the krypton (or Kr^) near the P^ and 

resonance lines and primary excitation of chlorine. 

2. Time Resolved 220 nm Emission 

The time dependence of the 220 nm emission was meas¬ 

ured, following 135 nm excitation, at total gas pressures 

ranging from 5 to 600 torr and with Kr/Cl^ partial pres¬ 

sure ratios from 25 to 1000. Typical results are shown 

in Figure 13. The solid line superimposed on the data 



Figure 13. Typical 220 nm time resolved spectra. 
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represents a nonlinear least squares fit performed for each 

data set. The fit was achieved by first assuming a single 

exponential rise and either a single or double exponential 

decay. This functional form was then convolved with the 

system response obtained earlier and the resulting function 

fit to the data with the amplitudes and exponents used as 

fitting parameters. As a measure of the accuracy of the 

fits the reduced chi squared was always very close to 

unity (± 10%) . 

The representative data shown in the aforementioned 

figure exhibit a number of features of interest, the most 

obvious of which is the two component decay shown in the 

low pressure example. The fast component of this decay was 

found to be of sufficient amplitude to be observable at all 

pressures below about 50 torr. A second feature to note is 

the extremely fast rise. This fast rise was present at 

all pressures and was found, in each case, to be essen¬ 

tially that of the system response (~ .5 nsec). These two 

features present a serious problem in modeling the B state 

emission. In particular, the rate of rise at low pressures 

was found to be much faster than the gas collision fre¬ 

quency. The work by Le Calve et. ail. [25] , mentioned ear¬ 

lier, showed that the pure chlorine emissions from 135 nm 

excited were strongly quenched by collisions with 

krypton. Furthermore, in time resolved studies on the CI2 

emissions at 178 and 200 nm, they found that the quenching 

by krypton led to formation of KrCl*. This, along with the 
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previously measured radiative lifetime of 3-4 nsec for the 

CI2* emissions and an expected radiative lifetime of 3-4 

nsec for the Cl' * emissions and an expected radiative life- 
mi* 

time of from 10 to 20 nsec for the KrCl B state suggests 

that the fast rise cannot be due to KrCl*. A more probable 

explanation is that the fast rise and fast decay of the low 

pressure 220 nm emission is in fact due to the 200 nm Cl^* 

band. The time resolved work of Le Calve et cil. on this 

band yields a lifetime of about 3 nsec and an instrumentally 

limited rise time of ~ 1 nsec. The decay time for the fast 

decay of the low pressuré 220 nm emission are in this range 

with the 10 torr example being about 1.5 nsec. Hence it 

seems probable that the low pressure 220 nm data is a super¬ 

position of the CI2* emission at 200 nm with that of the 

KrCl* emission of 220 nm. 

Although information regarding the rise of the KrCl (B) 

emission is still contained in the data the relatively small 

number of points in each data set covering the range of the 

rise coupled with the overlayed C^* emission make extract¬ 

ing the information extremely difficult and unreliable. 

Because of this it seems more profitable to obtain new data 

sets at a later time using a filter which will completely • 

eliminate the Cl2* emission. In the meantime,, however, 

there is still some information regarding the kinetics in 

the slow decay. This information will be somewhat model 

dependent and although the lack of information regarding 

the rise prevents an unambiguous determination of a final 
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model for the B state emission, the pressure dependence of 

the slow decay should give some preliminary indications 

as to the correct model. 

A plot of the frequency of the slow decay versus the 

krypton pressure is shown in Figure 14. In modeling this 

behavior consideration was first given to a model proposed 

by Castex _et al. [24] . In their model Castex et al. postu 

lated that the krypton pressure dependence of the 220 nm 

emission would be governed by the rate of collisional 

transfer out of the B state into the C. In defense of 

their model Castex et al. did obtain a linear dependence 

on the krypton partial pressure, indicative of this one 

way transfer. Their results are shown by the dashed line 

in Figure 14. As can be seen their data are roughly in 

agreement with ours except at higher pressures where we 

see an apparent quadratic dependence. A possible explana¬ 

tion for this may be found in the different methods used 

for fitting the data. In their paper Castex et _ali. say 

that the rise was not analyzed because it was affected by 

the width of the excitation pulse. This implies that the 

system response was not taken into account in an analytic 

manner in determining the decay. At higher pressures the 

decay becomes very fast and the effects due to the system 

response can be quite important. By not including effects 

due to the system response the determined decay frequency 

will be less than the actual value. It is, therefore. 



Figure 14. Plot of the 220 ran decay frequency 

versus the krypton pressure. Because of the various 

CI2 partial pressures each point has been corrected 

for the contribution from chlorine quenching. A 

value of k(Cl^) = 6.95x10 ^ cm^ sec"^ was used for 

this correction. 

The dashed line represents the- linear dependence 

of the decay on the krypton partial pressure as 

determined by Castex et al^. [24] . 
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possible that the linear krypton dependence of the decay 

at higher pressures is an artifact of their method of 

fitting the data. 

Regardless of this apparent linear dependence on the 

krypton pressure which Castex et al^ determine, there are 

a number of problems associated with their proposed model. 

While Castex et ai. do allow for B to C state transfer they 

do not allow for the reverse process. In view of the pre¬ 

dicted ordering for the B and C states it seems very un¬ 

likely that if B to C transfer is an important quenching 

process that C to B transfer should be absent. Evidence 

for the presence of C to B transfer could be found in the 

appearance of the spectra where a three, rather than a 

two, component spectra would indicate two way transfer. 

Castex et al., however, do not describe the appearance of 

the spectra other than to mention that it had a typical 

cascading behavior; they do not mention the possibility of 

a two component rise or a two component decay. 

A further problem associated with the Castex et al. 

model involves the lack of any three body formation of 

the triatomic Kr^Cl from the corresponding B or C state 

excimer. Both this process and two way B/C state mixing 

have been found to be important in other rare gas halide 

systems [26-29] . 

Because of the problems associated with the model of 

Castex et ai. and the apparent disagreement between our 

data sets at higher pressures it seems advisable to 
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include both two way B/C state mixing and three body Kr2Cl 

formation in any proposed model. With this in mind the fol¬ 

lowing model is proposed. 

In modeling the B state temporal behavior the simplest 

production mechanism is through collisional association 

bcl (Kr) 

Cl2* + Kr —-—► KrCl* (B or C) + Cl 

Other CI2* deexcitation channels may also occur through 

collisions with unexcited chlorine and through radiative 

decay 

kcl (Kr) 

Cl2* + Cl2 —-—► Products 

aci2 , 
Cl2* • ■» Products + hv 

Note that the collisional association process may produce 

both the B and C states. Collisions with unexcited atoms 

will tend to mix the B and C states providing both a 

production and destruction channel for the B state 

kCB (Kr) 

KrCl(B) + Kr 
kBC(ICr) 

KrCl (C) + Kr 

The KrCl* B state may also decay in a number of other ways 

^CB 
KrCl + 2 Kr  ► Kr2Cl + Kr 

k(Cl2) 

KrCl + Cl2  ► Products 

KrCl (B) hv (222) + Kr + Cl 
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A schematic of . this model is shown in Figure 15. This model 

is analogous to one used previously in analyzing the XeCl 

emissions and is very similar to that used for the emissions 

from XeF. 

The set of reactions in the above model may be ex¬ 

pressed mathematically by the following three differential 

equations, two of which are coupled 

[C12*] = -\o [Cl2*l 

B = -aB + pc + kcl (Kr) [Kr] [Cl2*] 
2 

C = Y B - 6 c + k^ (Kr) [Kr] [Cl2*] 

- *cl2(Kr)[Kr) + kCl2
(C12>IC121 + AC12 

a = AB + kBC(Kr) [Kr] + k(Cl2)[Cl2] + k(Kr
2).[Kr]2 

p = kCB (Kr) [Kr] 

Y = k^KrUKr] 

Ô = Ac + kCB (Kr) [Kr] + k(Cl2)[Cl2] + k(Kr
2)[Kr]2 

and B(C) is the KrCl B(C) state population. 

The solutions to these equations are readily obtained 

by means of Laplace transforms and yield, for the B and C 

state populations, a sum of three exponentials with common 

time constants. The solutions are: 



Figure 15. Block diagram of the model proposed 

for the Kr/C^ system. As mentioned in the text, 

this model is analogous to that used to describe XeCl*. 



KrCI/Kr2CI Reaction Pathways 

in Synchrotron Radiation Excited Kr/Cl2 Mixtures 



where 
[Cl2*] t = 0 

h C (oc+ô) ± V (a-6)2 + 4Py} 

kcl (Kr) [Kr] IQ(X0-ô-p) 

(XQ-X_) ^o‘V
) 

kcl (Kr) [Kr] IQ (X+-Ô-p) 

(XQ-X+)(X+-XJ 

kcl (Kr) [Kr]Io(Xo-6-0) 
2 
(x0-x_) (x+ x_) 

i XQ have been measured previously 

[25] and are quite large with 

k^. (Kr) = 1.6x10 cm^ sec”l 
t'±2 

kc^ (C^) - l.lxl0*"0 cjn^ sec"*l 

A_. ~ (3 nsec) ”1 
^2 

Because of the magnitude of these rate constants XQ should 

be greater than X+ or X_ over the entire pressure range. 

This makes b^ negative corresponding to a rise component. 

The role of X+ is less clear. While X_ will always be a 

decay component (b_ > 0), various estimates of the B/C 

I = 

X. = 

and 

h# = 

b
+ = 

b = 

The rates contained ir 



60 

state separation and the corresponding reaction rate con¬ 

stants for B/C mixing make the designation of X+ as a rise 

or decay component ambiguous. In any case, if this model 

is correct, it seems probable that the observed slow decay 

of the 220 nm emission corresponds to X_. 

As a check on this, note that at higher pressures 

40Y » (a-6)2 

and X± may be expanded to yield 

X+ " '' k^'+k^'~ ' ' + (kBC+kCB) [Kr] + MC12)[
C1

2] k (Kr^) [Kr] 2 

+ _jvvl_ 
4 (kg^kçg) [Kr] 

X - 
~ ABkCB+ACkBC 

*BC+*CB + k(Cl2)[Cl21 +k(Kr )tKr] 

(W 
^ ^Kr] 

Note that in this expression X_ contains no terms linear 

in the krypton pressure. Plots of the high pressure decay 

frequency versus both the krypton pressure and the square 

of the krypton pressure are‘shown in Figures 16,17. As 

can be seen the data tend to favor a decay with only a 

quadratic dependence on the krypton pressure. In the con¬ 

text of this model this would seem to justify the assump¬ 

tion that the slow decay corresponds to X • 



Figure 16. 

emission versus 

The decay frequency of the 220 nm 

the krypton pressure. The chlorine 

partial pressure is 0.5 torr. 
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Figure 17. The decay frequency of the 220 run 

emission versus the square of the krypton pressure. 

The chlorine partial pressure is 0.5 torr. 
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Further evidence may be found in the low pressure 

data. The high pressure data will have a zero pressure 

intercept given by the first term in the high pressure ex¬ 

pansion for This intercept corresponds roughly to the 

inverse of the mixed state lifetime. Since Ab » Ac and 

the B/C state separation implies that Kcb > Kbc it can be 

seen that this intercept is always greater than Ac. Ac 

will then be the low pressure intercept for and the 

decay frequency must therefore decrease nonlinearly at 

some intermediate pressure to accommodate this. The com¬ 

plete range of data shown in Figure 14 clearly shows this 

feature. 

In summary the pressure dependence of the slow decay 

of the 220 nm emission seems to support a model which 

includes both two way B/C state transfer and three body 

formation of K^Cl. The model proposed by Castex et al. 

lacks both these features. To finally determine the cor¬ 

rect model it seems necessary to view the entire time 

resolved 220 nm spectra with no CI2* interference. The 

presence of a three component spectra would rule in favor 

of our proposed model. 

3. Time Resolved 325 nm Emission 

The time dependence of the 325 nm emission was meas¬ 

ured at total gas pressures ranging from 250 to 4000 torr 

and with Kr/Cl^ partial pressure ratios of from 300 to 

10,000. Typical results are shown in Figure 18. The fits 
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Figure 18 Typical 325 cm time resolved spectra. 
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FLUORESCENCE WAVELENGTH: 325nm 
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were done in a similar manner to those of the B state emis 

sion except that in each case only a single exponential 

rise and a single exponential decay were found to be 

necessary. 

In modeling this emission it seems likely that the 

production is similar to that of Xe.'2Cl and proceeds via a 

three body reaction involving the KrCl* excimer [26,27] 

k(Kr2) 
KrCl* + 2Kr  ► Kr2Cl + kr 

Once formed the Kr2Cl may decay through a radiative trans¬ 

ition or through collisions with unexcited chlorine or 

krypton 

kKr2Cl 
Kr2Cl + Kr — - Products 

^r^Cl ^Cl2^ 
Kr2Cl + Cl 2 — * Products 

A325 
Kr2Cl  ► hV (325) 

Mathematically these reactions may be expressed by the fol 

lowing differential equation 

d_[Kr2*Cl] = k(Kr
2) [Kr]2[KrCl*] - {A325+kRr C1[C12] 

d‘t 2 

+ ^K^CI ^Kr) HKr2Cl] 

or by defining 

X1 = A325 + ^Kr2Cl^
Cl2^ ^C12^ + ^^Cl (Kr> tKrl 

this may be rewritten 
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[Kr2Cl] = k (Kr2) [Kr] 2 [KrCl*] e 

This equation can be readily integrated to yield a sum of 

four exponentials. Three of these exponentials will be 

identical to those of the KrCl* emission and the fourth 

will be \^. For the trimers the radiative lifetime is 

generally quite long [29] (& 200 nsec) and it is therefore 

expected that will be the smallest of the four exponents. 

should therefore govern the decay of the 325 nm emis¬ 

sion. The other three exponents will also be present but 

their amplitudes will have terms of the form (X^-X^)-l 

where is the exponent in question. Because of this term 

only the slowest component will have an appreciable ampli¬ 

tude and hence only a single component rise and a single 

component decay are expected. 

The pressure dependence of the rise was found to-have 

a strong dependence on the chlorine pressure and a depend¬ 

ence on the square of the krypton pressure. Little, if 

any, linear dependence on the krypton pressure was found. 

The rate constants and radiative lifetime determined in 

this manner are 

k(Cl2) = 2.64x10**^ cm^ sec" 

k(Kr^) = 3.17x10*"^ cm^ sec 

A ~ (6.8 nsec) 
-1 

precurser 
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Plots of the frequency of the rise versus the chlorine 

pressure and the square of the krypton pressure are shown 

in Figures 19 and 20. The rate constant KfCl^) corresponds 

to the rate constant for quenching of the precurser by 

chlorine while the kCK^) term corresponds to the three 

body production rate constant for the radiating KrjCl state. 

A „ „ will be the inverse of the radiative lifetime of 
precurser 

the precurser. 

It should be noted that the term k (Kr^ ) is less than 

the value obtained from the KrCl* emission. This dif¬ 

ference, however, may well be due to the problems men¬ 

tioned earlier in modeling the KrCl(B) behavior. 

The decay frequency of the 325 nm emission is plotted 

as a function of the chlorine pressure in Figure 21. This 

decay corresponds to and the resulting least squares 

fit to these data yields the following values 

k^ gl(Cl2) = 6.73xl0"
10 cm3 sec'1 

kjCr (Kr) < 2.27xl0~1^r cm3 sec"1 

TfK^Cl) = 1-3 nsec 

The rate constant for quenching by krypton may be compared 

to those measured previously for quenching of Xe2Cl by 

xenon. These values ranged from 

*Kr Cl(Xe) < 5xl0”13 c™3 sec"1 [27] 

to 
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Figure 19. The frequency of the rise of the 

325 nm emission versus the chlorine partial pressure. 

Again, because of the various krypton partial pres¬ 

sures each point has been corrected for the krypton 

contribution to the frequency. 
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Figure 20. The frequency of the rise of the 

325 nm emission versus the square of the krypton 

partial pressure. The points have been corrected 

for the chlorine contribution. 
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Figure 21. 

emission versus 

Decay frequency of the 325 nm 

the chlorine partial pressure. 
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^Xe Cl^Xe^ K 4xl0_^ cm3 sec~^ [26] 

and the agreement is quite good. 

Similarly the rate constant for quenching by chlorine 

may be compared to that for chlorine quenching of Xe2CL 

kXe C1*C12* = <3-3£31] +° 5.6 [26])X10“
10
 cm3 sec"1 2 

Again the agreement is quite good. 

The measured lifetime for the K^Cl trimer is sur¬ 

prisingly long. Typical measured values of £ 200 nsec for 

the other trimers provide no insight. At present we have 

no explanation for this long lifetime. 



CONCLUSION 

The analysis of the KrCl(B) 220 nm time resolved 

emission is found to be complicated by the presence of 

a superimposed chlorine emission. This emission, centered 

at 200 nm, has been studied previously [25] and was re¬ 

ported to.be very rapidly produced from the initially ex¬ 

cited chlorine. The emission was also found to be 

strongly quenched by krypton but was nevertheless observ¬ 

able in the 220 nm time resolved spectra, even at krypton 

partial pressures as high as 50 torr. This chlorine 

emission tended to mask the rise component (s) of the KrCl 

emission and prevented an accurate determination of its 

value. Because of this it is impossible, at this time, 

to determine a final model for the KrCl B state emission. 

Data from the decay of the KrCl B state, however, do sug¬ 

gest that the correct model should include two way B/C 

state mixing along with a three body K^Cl formation pro¬ 

cess. This is in contrast to a model proposed by Castex 

et al. which includes only one way B to C state transfer 

and makes no mention of a three body process even at 

pressures as high as 600 torr. Further experiments in¬ 

volving the use of interference filters which will com¬ 

pletely eliminate the superimposed chlorine emission are 

planned and it is believed that these experiments will 

finally resolve the KrCl kinetics. 

78 
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The analysis of the Kr^Cl time resolved emission at 

325 nm is more straightforward, although problems regard¬ 

ing the lack of a complete model for KrCl still manifest 

themselves in Kt-Cl formation kinetics. The results from 

the pressure dependence of the time resolved spectra are 

shown in Table 1. The third column of this table shows 

the rate constants obtained for similar reactions involving 

K^Cl. As can be seen the rate constants for quenching of 

K^Cl by chlorine and krypton agree quite well with those 

for X02Cl. The Kr^Cl radiative lifetime, however, is 

surprisingly long. Typical lifetimes for other rare gas 

halide trimers are around 200 nsec and at present we have 

no explanation for this long lifetime. 

The three body formation rate constant and chlorine 

quenching rate constant of the precurser are also shown in 

Table 1. Again the formation rate constant agrees fairly 

well with that for X^Cl. The chlorine quenching rate 

constant of the precurser, however, is more than an order 

of magnitude greater than that for Xe^Cl. It is also 

much larger than that measured for chlorine quenching of 

KrCl, implying some confusion as to the identity of the 

immediate K^Cl precurser. In any case the lack of a com¬ 

plete model regarding KrCl kinetics prevents the immediate 

resolution of this problem. It is hoped that the results 

of the planned future experiment will not only determine 

unambiguously the KrCl kinetics but also the exact for¬ 

mation pathways for Kr^Cl. 
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