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INTRODUCTION

The first three years of this project were under the leadership of

p r. S. A. Edelstein and were aimed primarily towards a physical

understanding of the partitioning of energy among the products of

~1ementary metathesis reactions of the type

A + B C — A B + C

and the mechanisms by which that energy is transferred. The experi-

iiental approach was one of emission spectroscopy combined with laser-

induced fluorescence to monitor populations in the various levels. T~ t~
studies were highly successful. The publications that have resulted

rom this work have been described in three previous Interim Scientif :

Reports.

With the departure of Dr. Edeistein , the Princ ipal lnvestiga L~ r ~;as

transferred to Dr. C. Black and Dr. D. Lorents although the general

scientific goals did not change. The experimental approach was

p expanded to include the generation of ~lectronica1ly excited states

of atoms and diatomic molecules by photodissociation of triatomic

molecules in the vacuum ultraviolet. Because there are no generally

available lasers that offer wide wavelength coverage in this wavelength

region, these experiments have used the vacuum ultraviolet emission of

both a hydrogen iamp and synchrotron radiation, in conjunction with

monochromators, as photolytic sources. Emission spectroscopy continued

P to be used to monitor the generation and decay of excited species.

One diagnostic of energy transfer mechanisms involves th~ effec t

of temperature on reaction rate. In such studies, the temperature

P range is often restricted by a number of experimental considerations.

_  _
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F
When extending gas phase measurements to low temperature, one is ulti-

mately limited by the vapor pressure of the source molecule (when using
p 

photodissociation as the production technique). By dissolving the

source molecules in liquid rare gases (and nitrogen), we remove this

problem (and several other restrictions) and have been able to extend
0p our studies of energy transfer mecharn.sms down to 77 K -- the temper-

ature of liquid nitrogen. We have found that such high density media

do not inhibit photodissociation and provide a unique opportunity to

study energy transfer reactions at low temperature.
p

For studying the kinetic properties of short-lived species

generated by photodissociation , the light source must be pulsed and

have a decay time shorter than (or at least comparable to) the lifetimes

of the species under study. The synchrotron radiation available at the

Stanford Synchrotron Research Laboratory has a pulse duration of 0.3

nsec and repeats at 1.28 MMz. We have used this light source to study

energy transfer reactions of the various electronically excited states

of XeF with lifetimes in the 1-100 nsec range where the KeF was

generated by photodissociation of XeF
2
. Further support for these XeF

*

experiments has been provided by the Defense Advanced Research Projects
p

Agency under Contract DASG6O-77-C-0028 through the U. S. Army BMDATC.

P

P

p

2

p



SUMMARY OF RESEARCH FINDINGS

The earlier successes in the research performed under Dr. Edelstein

between June 1975 and July 1978 have been fully described in previous

Interim S’cientific Reports and will not be discussed further. A li st

of pubLLati~ns generated on this contract is given in Appendix A . The work

performed during the past year has involved two distinct topics. The

first of these was the production and properties of 0( 1S) and S( 1S)
p

at low temperatures in liquid argon and nitrogen. The second was the

properties of the XeF (B and C) states under more conventional gas phase

conditions . Brief description s of each of these topics follow .

p
Production and Properties of O(

1S) at Low Temperature

10( S) was produced by photodissociation of N
2
0 in liquid argon and

nitrogen , and spectra of the resulting emissions were obtained . The

quantum yield for its production was found to be similar to that

previously measure~.
’ in the gas phase (for 144 to 147 rim). In both

liquids , the resulting emission had a radiative lifetime of (13 ± I)

Msec. Studies of the quenching of 0(
1S) by N

2
0 in these liquids and

in the gas phase over the temperature range 298-120 K suggested that

an impurity in the N
2
0 became the dominant quencher at low temperature.

This s~ st extensive study of the temperature coefficient for O(
1S)

quenching by N
2
0 gave a rate coefficient of 7.0 x io ll exp(-12501RT)

3 —l —l
cm molec sec (i 107.) over the temperature range 370 to 200 K. A

fuller description of these measurements and their implications can be

found in Appendix B of this report.

1
G. Black , R. L. Sharpless, T. C. Slariger, and D. C. Lorents, J. Chem.

Phys. 
~~~ 

4266 (1975) .

3

p
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Production and Properties of S(
1S) at Low Temperature

Photodissociation of OCS between 144 and 161 rim was used to

produce S( 1S) in both liquid argon and nitrogen . Spectra of the

resulting emissions were recorded . Over this wavelength range, the

quantum yields were found to be within a factor of two of those
p 2

previously measured in the gas phase. The resulting emission had a

radiative l ifetime of (39 ± 2) usec in liquid argon and (50 ± 3) ~sec

in liquid nitrogen. From the dependence of the emission decay time on

p OCS concen tration , a rate coefficient of (4 t 1) x 10
14 

cm
3 
molec~~

sec was found for the quenching of S(’S) by OCS in both liquids.

Further details and a discussion of the nature of S(
1S) in these media

can be found in Appendix C.
p

Photodissociation Studies H

Photodissociation of XeF
2 

with synchrotron light pulses (0.3-nsec

duration) was used as the source of XeF (B , C , and D) states . Intensity-

time profiles were recorded using a photomultiplier-time-to-amplitude-

converter sys tem , which enabl~ decays as short as 1 nsec to be measured.

• Most of the measurements were made in the strong absorption band

between 145 and 175 nm. At the peak of this band (158 rim), an

absorption cross section of (6.0 ± 0.6) x 10 17 cm
2 
was determined.

By comparison with O( 1S) signals from N 0, quantum yields for B, C, and
p 2

D state production were determined. The decay time measurements gave

radiative lifetimes of (13 ± 1) and (100 ± 10) nsec for the B arid C

states, respectively, as well as ra te coeff icients for a number of

P processes with Ne, Ar , and N
2
. This work is more fully described in

Appendix D.

Appendices B , C, and D are being prepared for publication in the

Journal of Chemical Physics.
p

2
G. Black, R. L. Sharpless, T. 0. Slanger, and D. C. Lorents, J. Chem.

Phys. ~ 4274 (1975) .

p 4
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PUBLICATIONS SUPPORTE D BY THIS CONTRACT

1. “Chemiluminescence from Three-Body Reactions in the Ba + 02 Flame ,”
by S. A. Edelstein, B. E. Perry, D. J. Eckstrom, and T. F. Gallagher ,
Chem. Phys. Lett. 49, 293 (1977).

2. “BaO(X’l~’) Vibrational Relaxation,” by S. A. Edeistein, B. E. Perry ,
D. J. Eckstrom, and T. F. Gallagher , Chess. Phys. Lett. 50, 271
(1977).

p 
3. “Intermultiplet Energy Transfer in BaCl(C2r1),” by S. A . Edelstein,

B. E. Perry , and T. F. Gallagher , Chess. Phys. Lett. 51, 552 (1977).

4. “Intermultiplet Energy Transfer in BaCl(C2f l ) , ” by S. A. Edelstein ,
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‘I

8. “Production and Properties of S( 1S) in Liquid Argon (88°K) and
Nitrogen (77°K ) , ” by C. Black , R. L. Sharpless , and D. C. Loren ts ,
to be submitted to J. Chess. Phys.

p 9. “XeF2 Photodissociation Studies. I. Quantum Yields and Kinetics
of XeF (B) and XeF(C) ,” by C. Black, R. L. Sharpless, D. C. Lorents,
D. L. Huestis, R. Gutcheck, T. Bonifield , D. Helms , and G. K.
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P
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p Appendix B

PRODUCTION AND PROPERTIES OF O( 1S) IN LIQUID ARGON
(88°K) AND NITROGEN (77°K )

P G. Black , R. L. Sharp less and D. C. Lorents
Mo lecular Physic s Laboratory

SRI International , Menlo Park, California 94025

p

ABSTRACT

0(
1
S) is produced by photodissociation of N

2
0 in liquid argon arid

liquid nitrogen with an efficiency similar to that previously measured

its the gas phase (for 144-147 nm). Spectra of the resulting emissions

1
have been recorded. In both liquids , the emissions have a radiative

lifetime of (13 ±1) ~sec. Studies of the quenching of 0(
1S) by N

2
0 in

these liquids and in the gas phase over the temperature range 298-120°K

suggest that an impurity in the N
2
0 becomes the dominant quencher at low

temperatures. It is suggested that the gas phase quenching of 0(
1
5) by

N
2
O is best represented by 7.OxlO exp (-1250/RT) cm

3 
molec 

1 
sec

1

with an estimated uncertainty of ±1O°h over the temperature range 370 to

200°K.
P

p MP79-55

B-i
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•

INTRODUCTION

Over the last ten years considerable progress has been made in

understanding the produc tion and removal processes of O(
1
S) in gas phase

systems. Motivation for much of the early work came from the prominence

of the 557.7 nm emission of O(
1
S) in the airgiow and auroral emissions

originating in the earth ’s upper atmosphere. This emission provides an

in situ probe of the chemical state of the upper atmosphere if the

production and removal processes are understood . During the last five

years, further impetus for studies of O(
1
S) has been provided by the

search for high energy laser amplifier devices suitable for laser fusion.

• For such an application the 
1
S states of 0, S arid Se have many desirable

characteristics.
1 

Research in this area has concentrated on photolytic

mechanisms for producing these excited states and the processes which
p

remove them—-mainly photoionization, quenching and collision-induced

emission.

• In addition to these extensive gas phase studies , O( 1S) has also

been studied in solid hosts at very low temperatures (—..lO°K). This

work dates back over fifty years to the pioneering work of Vegard
2 and

McLennan.
3 

In this area of matrix spectroscopy a considerable increase

in activity has occurred ir. recent years.
4 7

Surprisingly, the properties of O( 1S) in low tempe ra ture liquified

rare gase s have received l i t t le attention . The only previous work irs

B -2

P
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this area are studies carried out in this laboratory8 
using e-beam

excitation. The present work extends upon these earlier studies It

utilizes photolytic production of 0(
1
S) (from N

2
0) its both liquid argon

and liquid nitrogen . The decay times measured are re lated to the

radiative properties of ArO (2
1
~~). The rate coefficients for quenching

the emission by N
2
0 have been measured in both liquid argon (88°K) and

I liquid nitrogen (77°K). In order to understand the unexpectedly high

rate coefficients obtained at these low temperatures we have measured the

rate coeffi:ient for quenching O(
1S) by N

2
0 in the gas phase from 296°K : -

down to 120 K.

I

I

I

p

B-3
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EXPERIMENTAL

The major part  of the apparatu s has been described in detai l

elsewhere .9 In suninary , radiation from a low-pressure capil lary discharge

in hydroge n , pulsed at 380 Hz , is dispersed by a I-rn rnonochromator (a

bandpass of 1.6 rim was used in most  expe r iments) ,  enters a 30 cm long

chamber and impinge s on a sodium sal.icylate-coated Pyrex disc , which is

viewed from behind by an EMI 9514S photomul t ipl ie r .  For these measurements ,

the chamber was modified to incorporate a devar system to contain the

liquified rare gases as shown in Figure 1. The cell  was construc ted of

ORFC copper with an internal volume of —.15cm
3
. It had four windows of

3/4” diameter UV grade sapphire seated with indium 0-rings. The cell was

posi t ioned so that two of these wind ows allowed the photolysis beans to

enter and leave the copper cell. The other two windows on the cel l  were
p

at righ t -‘ngles to thi s axis and allowed any fluorescence excited in the

cel l  to be viewed with an appropriate f il te r-p hotomultiplier  combination .

p For these measurements an EMI 9558QAM photomultip lier was used in

conjunction wi th  either a 560 rim interference f i l t e r  (h alfwid th 10 nm ’

or a combination of a Corning 3-69 and a 600 rim short-pass f i l t e r .  This

P
latter filter combination had a 76Z transmission at 558 rim with a

band pass (17. transmission figure) from 520 to 620 rim. Some in i t ia l

measurements wi th a Wratten #4 f i l t e r  ( t r ansmi t t ing  X > 470 rim) gave a

two component decay . Only the f a s t  decay was observed through the other

f i l t e r s . The nature  of the sl~’w c c.imponent w i l l  be the sub jec t  of f u t u r e

P 8-4
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wo r k . The photomult ipl ier  was operated ~i t  -20°C gi v in g a da r k coun t of

— 20 sec 
I As in our previous gas phase expe r iment s , the p hotomu l t i p l ier

o ut p u t  was recorded as a funct ion of time using a MCA .

The liquid sample cel l  was pumped by a gas handling system through

1/2” stainless stee l thin wal l  tubing. An additional pump port  is located

at the bottom of the cell to provide for cell cleaning by circulating

clean gas through the cell. The cell was pumped down to the lower io
6

p

torr range before liquification of a sample. The gas handling system
I.

contained a 30 liter volume in which N 20/Ar and N
20/N 2 mixtures were

made up.  Oxygen and water vapor were removed from the argon by passage

over a heated Ti getter (850°C) whi le the nitrogen was purified by heated

coppe r at 400°C (to remove oxygen) . The init ial  argon and nitrogen used

p were >99.9957 . pure . Liquid argon (88°K) was used to l iquify and maintain

the N
2
0/Ar mixture s (and liquid N 2 

for the N
2O/N 2 mixture ) in order to

avoid the problem of solidification of the argon samples that  would
p

occur with liquid nitrogen ( the melting point of argon is 84°K) .

Transmission through the resul t ing liquids showed that  the techniques

P employed reduced the 0
2 concentration to <<lppin . The N

20 was added

through a dry-ice/acetone trap.

N
2
0 was initially introduced to the 30 liter mixing volume at a

-4 -2
pressure of 10 to 10 tor r to provide a mixture containing 0.07-7 ppm

after  admission of up to two a tmospheres of argon . Turbu lence created by

the argon addition was found to mix the contents  of the sO l i ter  volume .

This resul t ing mixture was allowed to expand into the cell  before cooling

B-3 
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the cell  and liquifying the samp le with liquid argon or nitrogen . The
p

center region traversed by the photolysis beam was comp lete ly f i l led  with

liquid.

- 
In addition to these liquid phase experiments , we also made

measurements in the gas phase at temperatures down to -. l25°K using gas
mixtures of 0.15-0.6 torr of N

2
0 in two atmospheres of argon (or nitrogen).

For these measurement~ the cell was first cooled with liquid nitrogen

to — 125°K , the gas sample admitted and , a f te r  a few minute s to establish

thermal equilibrium, the decay time of the emission was determined . The
‘ p

measurement was repeated at a number of temperatures as the cell  warmed

up.

• In addition to these kine tic properties , the spectral nature of the

emissions in both liquid argon and ni trogen were measured using an image

intensified spectrograp h. 1° The emissions produced by the wave length-

•
resolved light from the monochromator were too weak to record with this

spectrograph so the spectra were produced by a microwave-powered H2 lamp

p placed at the detector end of the evacuated photolysis ce l l .  In order

to reduce the interference by scattered visible light from the H
2 

lamp,

i ts  outpu t was f i l tered with a vacuum ultraviolet Ac ton f i l t e r  having 367.

tran smission at 145 nm and a 60 rim bandwidth (507. peak transmission) .

t

B~~~~~ 
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RESULTS AND DISCUSSION

The spec tral nature of the 1S - 1D emission , in both liquid argon arid

liquid nitrogen, are shown in Fig. 2. In each case a broad predominantly
p

red degraded continuum band is produced . Thi s d i f fe r s  from the predom-

inantly b lue degraded emission found in spectra of 0( 1S) in gas phase

argon arid nitrogen11’12 and is d i f f icul t  to explain in terms of expected

diatomic interaction potentials. Our liquid phase spec tra show striking

similarity to the red-shifted emissions from O( 1S) observed in argon

matrices.4 ’7 In both the published argon -matrix spec tra4 ’7 the strongest

emi ssion feature occurs close to , but sl ightly red-shifted ( — 2  rim) f rom

1 1the position f the unperturbed O( S-. D) emission at 557.7 nm- -Brom and
p

Broida
4 

find a sharp doublet at 559. 0± 0.1  arid 560.0 ±0.1 nm whereas

Taylor and Walke r 7 find a single peak at 559 run . In addition both papers

P report weaker emission appearing as a broad shoulder at longer wave lengths

(~i565nm) .  The spectra in Fig. 2 suggest that the same two features are

presen t its liquid argon and nitrogen. In the solid phase the two features
a 7 1are thought to arise because the O( S) can occupy two different sites

which can give rise to emissions at d i f ferent  wavelengths wi th d i f fe rent

lifetimes. (Different  lifetimes have been measurec~~for the two emission

features in a krypton matrix but similar measurements in argon do not

exist.) It seems likely that similar sites its the liquid wil l  be present

but subjec t to continuous destruction arid reformation reflecting the

5-7
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dynamic properties of the liquid state . This state of rapid equilibrium

p

be tween the two sites expected in the liquid state suggests that only one

lifetime should be observed in the liquid state . This is consistent with

our observation of only one decay time in liquid argon (and nitrogen) .

A typical kinetic experiment is shown in Fig. 3 for N
2
0=0.20x10

16 
cm

3

(i.e. 0.095 ppm in liquid argon). .Very strong signals were obtained

despite strong absorption by the sapphire windows at the exciting wave-

length of 144 run. The decay rate of the emission as a function of N
2
0

is shown in Fig. 4. Fig. 4 also includes the measurements in liquid
p

nitrogen . If the changing decay rate is due to quenching by N
20 , the

-12 3 -l -l
slopes of the lLnes in Fig. 4 give 2.5x10 cm molec sec for

P quenching of the emitting state by N
2
0 in liquid argon at 88°K and

l.1x10 12 cm3 molec ~ sec ’ in liquid nitrogen at 77°K with estimated

uncertainties of ± 107.. However it will be shown late that quenching
p

under this condition is likely controlled by impurit ies.  For both

liquid argon and nitrogen the intercepts give (13 ± I) Msec for the lifetime

p 
in the absence of N 2O quenching . The interac tion between argon and O(

1S)

has been shown to involve only a radiative (collision-induced emission)

path
13 be tween 291 and 201°K. If thi s holds at 88°K , then 13 ~.isec is

the radiative lifetime of O( 1
S) in liquid argon . We also see a considerable

lengthening of the emission lifetime ‘when we solidify our liquid argon

solutions by cooling to liquid nitrogen temperatures and be low . At

B 8
p



W i

liquid N
2 

temperature (77 °K) we measured (32±l) $Lsec increasing to

0(35 ± l)~i.sec at 67 K (the lowest temperature obtained) with N2O

O.18x10
16 cm 3. A more detailed discussion of these variou s propertie s

of the emission follows.

I Quan tum Yield for O( 1S) Produc tion

From the intensity of the signals obtained we cars estimate the

efficiency of O( 1S) production from N
2
0 in liquid argon. The necessary

measurements , for a wavelength of 144 rim , are shown in Fig. 5. They were

made using the combination of the Corning 3-69 and 600 nm short-pass

f i l te r . Decays of the emission produced in both liquid argon at  88°K

and gaseous argon (1320 torr) at 153°K are shown . We used cooled , rather

than room temperature , argon because the tra nsmission of tb~e sapphire

windows at 144 rim was greatly increased by cooling to l53°K. Li t t le

• further change in transmission was observed by cooling to the 88°K

temperature of liquid argon. The two experiments were conduc ted with

approximately the same photolysis beam intensities and N 20 concentrations

which , within the experimental uncertainty (~± 20%) , provided the same

absorp t ion ra t e of pho tons in both the gas and liquid samples . Extrapolating

• 
the lines in Fig. 4 to -15 asec [the time the H 2 lamp producing the O( 1

S)

was pulsed] gives a ra tio of initial intensities of 260. Assuming that

the quantum yields for 0( 18) production are the same , this ratio should

1 equal the ratio of radiative lifetimes (assuming the same fraction of the

B -9
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emission is being seen in each case). For the gas phase experiment we do

not have a measure of the rate coefficient for collision-induced emission

at l53°K bu t, based on Wel ge ’s observation’3 of no change from 291 to

201°K, we have assumed no temperature dependence ani used the room

1
temperature value. This gives 389 sec for the collision-induced

0
radiative rate with 1320 torr of argon at 153 K. The ratio of the liquid

radiative decay rate of 7.6x10
4 

sec
1 
to this gas phase value is 200

compared to 260 for the intensity ratio. Within the limits of these

assumptions , it appears that photodissociation of N
2
0 in liquid argon at

1144 rim produces O( S) wi th a quantum yield similar to that measured in

9 ,1.4
the gas phase. A similar conclusion also applies to the -reasurernents in

liquid nitrogen. We must also conc lude that 13 u.sec is the radiative

lifetime and that any quenching must play a minor role . In contrast to

4the similarity of yie lds in the liquid and gas phases , Brom ’s results

for N
20 in a solid argon matrix at 4°K seem to indicate that the ratio

of O( 1S) to N( 2
D) produc tion is higher than in the gas phase (at  121.6 rim)

implying either a higher 1S quantuinyield or a lower N( 2D) quantum yield (or

both ) in the solid phase . These measurements, however , were not

conc lusive and fur ther work would be required to determine the quantum

yield s in the solid phase.

B -10
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II Radiative Lifetime of Ar O(2~~~1

p Having determined the emission spectrum and the radiative l ifetime

for O( 1S) in liquid argon , we discuss the nature of O( 1S) in this

medium--in particular , the fraction of the O( 1S) which exists as bound
P

diatomic ArO (2
l
t
+
) molecules. We attempt an estimate of the fraction

of the emission which is produced by these bound molecules compared to

• that produced by collisions on the repulsive wall of the 2
1
E
t 

potential

above the dissocia tion limit (referred to as the “fre~ ’emission of 0(
1
S)).

It is noteworthy that the emission shows substantial broadening in both

• • 1
blue .asd red directions .

This essentially gas phase view of our liquid phase experiment

must of necessity be an approx imate one . The very extent of the red

degraded emissions observed in both liquid and solid argon is much more

than can be expected from the binding in the ArO(2 ) potential.  It is

clear that more complicated Ar-O interactions, involving several Ar

neighbors , will also contribute binding sites in both liquid and solid

phases. However, we do not have the ability to quantify the effects of
p

these more complicated interactions. It is therefore of interest to

apply gas phase considerations if only to show the limitations of such

P an approach. Fur ther insight is provided by comparison with results in

an argon matrix .4 ’7 The similarity of the spec tra has already

received comment. However we observe that much longer lifetimes are
p

produced by freezing the argon . This must ref lect  the combination of

B-il
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two effects--rest r ic ted molecular motion and the greater symmetry of
p 1the environment surrounding the 0( S) atom (remembering that  i t  is

essentially the cylindrical distortion produced by the app roach of one

argon atom which results in shortening the radiative lifetime).

One app roach to dete rmining the nature of O(
1
S) in liquid argon

involves estimating the equilibrium Constant for the process

1 1+
O( S) + Ar + Ar ~ ArO(2 ~~ 

) + Ar . ( 1)

In general , the equilibrium constant involves products of translational :~p
and in ternal partit ion functions , Q

K 
( 

h
2 )3/2 QArO (2 1t4) 

. e
D
~
’kT

• 2n~kT 
~Ar ~~ (‘S)

Estimates f or D , the dissociation energy , range from 25 to 70 cm 1

• (references 15, 17). We have used a value of 50 cm ’ based on the bi nding

in the corresponding mixed rare gas (NeAr) ground state potential. 18

Using 3.13 for the Ar-O(
1
S) bond

15 
and, for lack of knowledge, approxi-

nliting the vibrational partition function by unity , we ob tain K = 1.5 x 10
22

cm3mo1ec~~ at 88°K. For Ar — 2.11 x 1o
22 cm 3

, app ropriate to liquid

argon , this gives a ratio of [ArO(2 ’E+) ] / ( O ( l
S)J — 3.2. This estimate is

p

probab ly no better than an order of magnitude. Furthermore , evidence

1
that a substantial fraction of the O( 5) is still unbound is provided by

p consideration of the rate coefficient for collision-induced emission by

argon. Welge ar~ Atkinson 13 
found a value of (4.8 ± 0.5)xlO ’8

3 -i -1 o 19cm molec sec at 291 K (confirmed by Black et al. ) and a similar

B— l2
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value at 20l°K. At these temperatures the emission is mainly from

unbound atoms and the effect ive  two-body emission coefficient for this

process only decreases very slowly with temperature .
17 Hence , app ly ing

the same value at 88°K for the density of liquid argon would give a
p

radiative rate of 10~ sec
1 if the amount of 0(

1
S) bound in ArO is

still a small fraction of the total 0(
1
S) at 88°K in liquid argon . This

P is sufficiently close to our measured value of 7.7 x IO~ sec to

indicate that a substantial amount of the 0(1S) must still be unbound.

Furthermore , theoretical calculations
17 indicate that in the gas phase

at a temperature as low as 78°K, unbound atoms are still responsible :

for a major part of the emission. It is clear , therefore , that one

canno t ignore the con tr ibution of free O( 1S) to the emission--particularly

because of the rapidly rising transition moment on the repulsive wall

of the ArO (2~~~) potential..
16 18 We mus t conc lude , therefore , that

• because of the unknown contribution of bound ArO to the measured 13 ~sec

lifetime we are unable to extract a value for the radiative lifetime of

bound Ar0(2 1~~ ) ,  T
R~

There are a number of estimates of available in the literature .

From studies of collision-induced emission and estimates of the

equilibrium constant, values of 4 ~sec and 7 ~j,sec have beets estimated

12 ,13 o 13
at room tempera ture and 8 ~sec at 201 K. From measurements of

laser gain ,20 
a value of 10 ~sec has been deduced for the radiative

p 
Lifetime of bound Ar O ( 2Y ) .

B—13
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We can also compare our measured life time with the lifetimes

calculated by Dunning and Hay .
16 These calculations appl y to the free

emission from the repulsive wall of the potential for which they give

the formu la
P

-1. 6 2 3 -l
A — T = 1.063 x 10 g i~~ . ~ E sec

p p i i i

- P where is given in a tomi c uni ts , ~~ is in eV and g. is the degeneracy

factor. This results in 23 ~j.sec for the radiative lifetime of the free

1 + 1 +  16 o o
ArC 2 ~ -l t transition at 298 K and 47 ~sec at 88 K. The latter

I
number is difficult to reconcile with our measured value of 13 ~j.sec or

the various estimates of The discrepancy must arise, at least in

Il
part , from the neglect of emission from bound molecules , which although

at larger internuclear separation and hence smaller transition moment ,

have the compensating feature of longer time at that distance.

We must also consider the possibility that the argon-oxygen distance

is shor tened by the effect of the liquid argon matrix. However, in view

of the Ar-Ar distance of 3.6 ~ compared to an estimated Ar-C distance of

1 ’
3.13 ~~, this effect is not expected . In previous work on e-beam pumped

liquid argon-oxygen mixtures8 the intercept at zero oxygen addition

P was 7 ~sec. This shorter lifetime is now thought to be due to the

genera tion of small amounts of 0
3 

during that experiment and subsequent

fast-quenching of O(’S)?1 At the present time, therefore , it appears
p

that insufficient information is available to interpret the 13 ~sec

B-14

— —- _ _ .- —
‘ 

— ,t_ _ t  ,_
~ % ,‘— . .



-

~~~~

radiative lifetime observed . It is also interesting to compare the

13 ~sec lifetime in liquid N2 at 77
°K with the ~ 200 ~sec lifetime

observed - in solid nitrogen at 4 K where the effects of restricted

molecular motions and higher symmetry in the environment become most

apparent.

III Quenching of 0(
1
S)

In liquid argon and nitrogen , the decay rate of the emissions vs

N
2
O (Figure 3) gives quenching rate coefficients much higher than

expected based on a previous study
23 

of 0(
1
S) quenching by N~0 over the

‘ p  -

temperature range 350-200°K. Extrapolation of this gas phase study to

the temperatures of 88°K and 77°K gives rate coefficients almost an

order of magnitude smaller than observed. A possible explanation for

this difference involves quenching of bound ArO (2
1
Z~) molecules by N2

0.

It is also possible , however , that impurities in the N2
0, quenching O(

1S)

with high efficiency , dominate the quenching at low temperature . To

check this possibility the previous gas phase measurements were extended

down to — 120°K (limited by the N
2
0 vapor pressure). An Arrhenius

plot of the quenching rate coefficients vs l/T is shown in Figure 6.

Curvature in this plot is apparent and the gas phase values at the

lowest temperature are the same as the value in liquid argon . Since the

gas phase experiments (at — 1500 torr argon or nitrogen) would have little

bound 0( 1S) present, another explanation must be found . The most
P
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reasonable hypothesis is that an impurity is responsible for both the

curvature in the Arrenius plot and the unexpectedly high quenching rate

in liquid argon (and nitrogen). The lower value in liquid N
2 
may

reflect a change in the nature (perhaps arising from assoc iation) of the
p

quenching impurity in this medium. The prime suspec t for the im purity

is water vapor that is not being removed by the dry ice/acetone trap.

P The problem of impurities in N
2
0 ef fec t ing  quenching rate coef f ic ien ts

2~~~25 1
is a long standing one--early measurements ‘ of O( S) quenching by

N
2
0 gave values of 1.5 x 10~~~ cm

3
molec 

1
sec 

1 
and 1.6 x 10

_li 
cm

3
mo1ec~~sec

1
,

26 27 —11
later values in these same two laboratories ‘ were 1.1 x 10

3 — l — l —11 3 — l — l
cm molec sec and 1.0 x 10 cm molec sec with the most recent

value 9 (8.7 ± 0.9) x 10
12 

cm
3
mo1ec~~ sec

1
. The new results suggest

that the previous temperature dependent rate for N
2
O quenching of 0(

1S)

be replaced by 7.0 x 10 
Il 

exp(-1250/RT) cm
3
tnolec 

1sec ~ with an

p . 0
estimated uncertainty of ± 10/. for 370-200 K.

Conclus ions

• We have shown, assuming no temperature dependence to collision-

induced emission be tween 201 and l53°K, that the phocodissociation of

N
2
O to give O(

1
S) in the 144-147 mm range in liquid argon and nitrogen

has a similar quantum yield to that previously measured in the gas

phase. We ighing all the evidence , it appears that the 13 ~sec radiative

p lifetime of the resulting emission contains contributions from both

bound and free 0(1S) with the individual contributions as yet undetermined .

8-16
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The emission spectra of 0(
1
S) in liquid Ar and N

2 
support this conclusion .

We have demonstrated that an impurity in N
2
O (probably wa ter vapor)

became the dominant O(~S) quencher at low temperatures and that the gas

1 —11
phase quenching of O( S) by N 0 is best represented by 7.0 x 10

p 2

exp(-l250/RT) cm3mnolec
1
sec 1 

with an estimated uncertainty of ± 107.

over the temperature range 370 to 200°K.
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FIGURE CAPTIONS

P
Figure 1 Schematic diagram of cell for wavelength-resolved photolytic

excitation of doped liquid Ar or N
2 
in the vacuum ultraviolet.

Figure 2 Emission following the production of O(
1S) ,  from N

2
0 photo-

dissociation in the wavelength region 140-150 nm , in both - I

liquid argon (88°K) and ni trogen (77°K). N 0 = 0.9 ppm.

Asterisks indicate scattered light from the H
2 

photolysis

lamp.

Figure 3 Decay of O(
1
S) in liquid argon (88°K) containing [N

2
0J =

0.20 x 10 cm • 30 m m .  experiment at X = 144 nm . 1:

Figure 4 Decay ra te of 0( 1S) vs [N
2
0] in liquid argon (88°K) and

liquid N
2 

(77 °K ) .

Figure 5 Decay of 0( 1S) in bo th liquid and gaseous argon . In the

liquid argon (88°K) experiment , [N
2
0] = 1.06 x 10

16 
cnt

3 
and

t = 10 rnins . In the gas phase exper iment (Ar = 1320 torr a t

l53°K),  (N
2
0] = 1.10 x io

16 
cm

3 
and t = 5 mins.

• F igure 6 Arrhen ius plot for 0(1S) quenching by N
2
0 in the gas phase

using both N
2 

(o) and Ar (.) at ~ 1500 torr as buf fe r  gases.

The rate coefficients measured in liquid argon (88°K) and

liquid N
2 (77 °K) are also shown .
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Appendix C

PRODUCTION AND PROPERTIES OF S(
1S) IN

LIQUID ARGON (88°K) AND NITROGEN (77°K)

G. Black , R. L. Shar-pless , and D. C. Lorents
Molecular Physics Laboratory , SRI International

Menlo Park , California 94025

ABSTRACT

Photodissociation of OCS to produce S( 1
S) has been observed in

both liquid argon and liquid nitrogen over the wavelength range 144

to 161 run. Over this wavelength range , the quantum yields are within

a factor of t~ o of those previously measured in the gas phase . Spectra

of the emissions have been measured . The emissions have radiative

lifetimes of (39 *2) ~sec in liquid argon and (50 *3) ~sec in liquid

nitrogen. Evidence is presented that S( 1S) exists mainly as bound

molecules in these media and that the lifetimes measured are those for

1+ L+
the bound 2 t - 1 E transitions. In these media the quenching of the

—14 3 —lemission by OCS has a rate coefficien t of (4 ± 1) x 10 cm molec

—lsec
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INTRODUCTION

Motivated by the laser fusion program, much work has been done on

the photo lytic production and properties of the 
1

S states of 0 ,S and

Se. In the case of S(
1S), efficient production from OCS was demonstrated1

from 142 to 160 nm - a range which encompasses both the Kr
2 

emission at

147 run and the F
2 
emission at 158 nm as potential photolytic sources 

- 
-

- 
p 

in a high power laser amp lifier. The collision-induced emission of

S( 1S) has been studied in this laboratory2 4  
and the quenching of S(

1S)

has been the subject of several earlier studies.
5 ~ All this workI,

t has been confined to the gas phase.

Work in the solid phase has been confined to two studies ‘ in

• which production of S( 1S) was demonstrated at 147 run by observation of

its matrix-induced emission. No lifetime information was obtained.

In this laboratory studies of OCS is liquid argon under both e-beam

10 1and H
2 

laser (161 nm) irradiation showed S( S) production . With the

H2 laser , the radiative lifetime of S( 1S) in liquid argon was measured

• 
as (35±lO)l.Lsec. For the e-beam pumping experiment, (58 ±9) psec was

-13 3 -l -1obtained. Furthermore, a value of (3.5 ± 0.9) x 10 cm molec sec

was obtained for the quenching of S(
1S) by OCS in liquid argon. We

p 
have continued to study photolytic production and properties of S(

1S)

in liquid argon using wavelengths from 144 to 161 nra. The results are

a substantial improvement on those obtained earlier.
p
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EXPERIMENT AL

I 11
The apparatus and techniques are as described previously . In

addition to the Ar and N
2 
used previously, the OCS was used as a 10.87.

mixture in prepurified argon. It ias added to the system through a dry
p

ice/acetone trap. Mixtures with argon and nitrogen were made up in a

30 liter volume in which turbulence introduced by the addition of the

P major gas was used to mix the contents. Mixtures containing from

0.1 - 2 ppm of OCS in two atmospheres of argon or nitrogen were

11
liquified as previously.

•

For these experiments , a Wratten 893 filter - ~1I 9558QAM photo- 
• 

-

multiplier was used to view the emission in the vicinity of the 
L
S -

~i-1
transition at 772.7 run. The intensity-time profiles , following pulsed

excitation, were recorded with a MCA as described previously.
11 p

1-

P

S

C-3

P

--— 5

- - S -— 
-~~~~~ -~~~~ ~~~~—- ~~~~~~~~~~~~~ ~~~~~~~~~~~ 

—
~~~~~~~~~~~~

- 
~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~ 

- —- -



— —5-—— _____ 5— ~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
S

P

RESULTS AND DISCUSSION

• The spectral nature of the emissions , in both liquid argon and

liquid nitrogen, are shown in Fig. 1. As with O(
1S) in these same

media,
11 

the ‘S
0 

‘D
2 
atomic transition (at 772.7 urn) appears as a

predominantly red degraded band which differs from the predominantly

blue degraded emission found in the gas phase. We also see emission

in the vicinity of the atomic transition at 459 urn 1
1
S
0 

3
P
1
) in both

liquids with approximately 0.005 the intensity of the long wavelength

transition. No structure is apparent in the 459 nm feature. It does,

however , exhibit a blue shift in liquid nitrogen (as does the long

wavelength transition) relative to the position of the atomic line.

No such shift is seen in liquid argon.

Measurements of the S(
1
S) emission decay were made over the

wavelength range 144 to 161 nra. A typical decay , using 158 urn excitation

and liquid N
2 

at 77°K as the solvent is shown in Fig. 2. The decay

rates versus OCS concentration, for measurements in both liquid argon

and nitrogen, are shown in Fig. 3.

Measurements of relative quantum yields for S(’S) production over

the range 144 to 161 run, made in a similar way to the previous gas
- 

~. phase measurements,
1 
established that the relative quantum yield versus

~;avelength curve had a similar shape to that measured in the gas phase.

Furthermore , comparison with gas phase signals at 161 nra established

that the absolute yields were within a factor of two of those measured

C-4 
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1~~~~~~ in the gas phase. It appears , therefore, that these dense media do not

substantially effect the photolytic yield of S(
1
S) atoms.

The intercepts of Fig. 2 give (39 ±2) ~sec for the radiative lifetime

of S( 
~ in liquid argon and (50 ±3) ~sec for the radlatLve lifetime of

P S( 1S) in liquid nitrogen. The former value is in agreement with , but

considerably more precise than the (35 ±10) ~sec obtained previously
10

in this laboratory for H
2 

laser (161 nra) excitation but considerably

smaller than the (58 ±9) ~j.sec obtained with e-beain excitation. Both the

previous measurements were affected by rapid depletion of the OCS and

• by long-lived emission of S
2
(3-”X) radiation thought to arise from

sulfur atom recombination .

11 1As in our previous study of 0( S) in liquid argon, we require

additional information to resolve the. mea~ured lifetime into components

arising for bound (2~L
+) molecules and from free S( 1S) atoms (which

produce emission from the repulsive wall of the 2
l
Z
+ 

potential up to

kT above the dissociation limit). Some guidance is provided by -

consideration of the values of the rate coefficient for collision-

induced emission by argon at 296 and 232°K determined in our previous

work.
4 

The values obtained were (4.2 ± 0.3) x io
18 

and (4.8 ± 0.3)

—18 3 -1 -l ox 10 cm molec sec at 296 and 232 K respectively, with the slight

-

- increase at the lowest temperature arising from bound emission . ~‘ith

further cooling, based on consideration of the analogous 0( 1S) - Ar
12

• system, it is expected that the contribution from free emission will

________________  __  _ _ _ _ _ _ _
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fall slowly but will be more than compensated by the increasing contri-

bution from bound molecules. Hence a value of 5 x 10
18 

cm3 mo1ec~~ sec

is expected to be a lower input on the collision-induced emission rate

coefficient at 88°K (the temperature of liquid argon). Using this value ,

P then a radiative Lifetime of ~ 10 ~sec can be calcu lated for li quid argon

density (2.11 x 10
22

cm
3
). This is sufficiently smaller than our

measured value that a major fraction of the S(
1S) must be bound in ArS

p

molecules under these conditions.

A similar conclusion is reached by estimating the equilibrium

• 
coefficient for the process :

S( 1S) + Ar + Ar ~ ArS(2~Et) + Ar

for which

2 + 1+
p h \ ~ArS (2Z) D/kT

e
\ 2TT MkT / 

~Ar ’
~S( 1S)

where Q represents the internal partition function and D is the

dissociation of the ArS(2~Z
+
) potential. Using D = 98 cm ’ (by

• 
approximating ArS to the corresponding rare gas ground state, Ar-Ar

in this case)’3, an internuclear separation of 3.7 A, and equating the

vibrational partitic. function to unity we obtain K(at 88°K) 3.8 x io 22

p 
cia
3 molec 1

~. This gives ArS(2 )/S(
1
S) 8 for Ar — 2.11 x l0

22
cm 3

.

Although this is only an order of magnitude calculation, consistency

- - with the above discussion of collision-induced emission reinforces the
p

C-6
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:onc lusion that S(’S) in liquid argon exists mainly as bound ArS(2~t
+
)

molecules and that the radiative lifetime of ArS(2
1
t
+
) is close to the

p

measured value. A similar conclusion holds for the analogous molecule

with N
2
. As with our 0(’S)-liquid argon study ,

11 
we are unable to

P assess the effects of interacting with several neighboring argon atoms

which must occur in the liquid medium.

The slopes of both lines in Fig. 2 give a rate coefficient
P 

-14 3 -l -l
of (4 ± 1) x 10 cm molec sec for the quenching of the emission by

OCS in both liquid media. It must reflect a combination of quenching

p both the free and bound S( 1S). This is approximately an order of

magnitude smaller than the (4 ± 2) x lO ’3cm
3
molec ’sec 

1 
determined

for the quenching of S(’S) by OCS at room temperature
7 
after allowing

for the effe cts of H
2

S and CS
2 
impurities. This reduced value may result

from xos t of the S( 1S) being bound up as 2~E~ molecu~s, and these

molecules being less effectively quenched by OCS (or impurities it

contains). It may also be a temperature dependence of the rate coefficient

for the S(~S) - OCS interaction as observed for 0(
1S) quenching by N

2
0.

11

S
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FIGURE CAPTIONS

Fig. 1 Emissions following the production of S(
1S) from OCS photo-

dissociation in the wavelength region 140 - 161 nra, in both

liquid argon (88°K) and liquid nitrogen (77°K). OCS — 0.35 ppm.

Asterisks indicate scattered light from the B
2 

photolysis

lamp. - -

Fig. 2 Decay of S(
1
S) in liquid N

2 
(77°K) containing [OCS] —

16 -3
0.27 x 10 cm . Three miii. experiment at X — 158 nra.

Fig. 3 Decay rate of S(
1
s) vs. [OCS] in liquid argon (88°K) and

liquid N
2

(77°K).
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Appendix D

XeF PHOTODISSOCZAT1ON STUDIES.
I . QUANTUM YI.~LDS AND KINETIC S OF XeF(B ) AND XeF (C)

C. Black, R. L. Sharpless , D. C. Lorents, and D. L. Huestis
SRI International, Menlo Park, CA 94025

• *R. Gutcheck
Stanfox~ Synchrotron Radiation Laboratory

Menlo Park , CA 94025

T. Bonifield , D. Helms, and G. K. Walters

• Rice University , Houston , TX 77001

P .
9 .

ABSTRACT

Photodissociation of XeF
2 
with synchrotron light pulses (0.3 nsec

duration) has been used as the source of XeF(B, C, and D) states. The

intensity-time profiles of the resulting fluorescence have been recorded

and analyzed . Most of the measurements were carried out in the strong

absorption band between 145 and 175 run for which a peak absorption

coeff icient of 1450 ± 150 cm~~atm~~ (at 158 nra) was determined. By

comparison with 0(
1
S) signa].s from N

2
0, quantum yields for B, C, and D

state production were determined. Radiative lifetimes of (13 ± 1) nsec

and (100 ± 10) nsec were found for the B and C states . Rate coefficients
P

for quenching both states by XeF
2 
and for converting B to C are reported

for Ne, Ar , and N1 as well as upper limits on quenching the C state by

• these gases.

*Present address: SRI International , Menlo Park , CA 94025

p MP 79-60 D-l
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INTRODUCTION

The XeF laser, operating on the B -. X transitions at 351 and 353 nra
and on the C — A transition at 483 nm ,1 provides the longest wavelengths

of the ~iv rare gas halide lasers and has been the subject of considerable

investigation . In electron-beam pumped Ne/Xe/NF
3 
mixtures, substantial

output energies have been obtained at reasonable efficiencies--the

highest reported to date being 557
2 However , this efficiency is still

well below the theoretical maximum of 13% based on the ratio of the

3.5 eV XeF photon to the 27 eV primary excitation energy in neon. To

achieve the bes t poss ible laser performance , it is necessary to under-

stand in detail the kinetics of the numerous processe s occurring in the

laser medium.

These processes have been much studied using both e-beam excitation
3 6

and photodissociation
7 ~~ of XeF

2
as sources of elec tronically excited

XeF. In addition, a recent study utilized direct optical pumping of

ground state XeF molecules to XeF(B) 
13 

using a XeF laser pulse. Direct

observation of the XeF(B — X) emission at ~ 350 rim has been used to

P determine the radiative lifetime of XeF(B) and the collisional rate

coefficients. The latter have also been deduced
9 
from a Stern-Volmer

analysis of the XeF(B X) and XeF(C A) emission intensities produced
p

in the steady state photolysis of XeF
2
. Although there is reasonable

agreement on the radiative lifetime of XeF(B)--most values falling within

p the range (16.0 ± 2.0) nsec, considerable disagreement exists on the

relative roles played by two-body and three-body removal of XeP(B).

D-2
P
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The XeF(C) state , emitt ing a broad continuum be tween 390 and 550 nra ,

is much less studied in large part because of complications arising from

its collisional mixing with XeF(B) and because photodissociation of XeF
2

produces very little XeF(C)--at least for \ > 145 nra. A further

P difficulty may arise from the presence of B A emission in the same spec-

tral region. Very recently short-pulse electron impact dissociation of

XeF has been used to determine a radiative lifetime of (93 ± 5) nsec
2

for XeF(C) in reasonable agreement with the measurement of 80 nsec by

Center
14 

and the theoretical value of 113 nsec by Dunning and Hay .
15

Most of the rate coefficient information on the XeF(C) state has been

9
deduced from emission intensity measurements in the steady s tate photo-

lysis of XeF
2
. Measurements in such a system and in two separate experi-

16 17 -1
merits in this laboratory ‘ have also established that there is 600 cm

energy separation between the B and C states (based on 6.5 as the ratio of

the radiative lifetimes of the C and B states).

The work to be described here utilizes photodissociation of XeF
2

with wavelength resolved synchrotron radiation to produce the B and C

* (and D) states. The very narrow pulse duration (0.3 nsec) provides an

order of magnitude improvement in time resolution over previous measure-

inents. This has allowed kinetic measurements to be carried out at much
S

higher gas pressures. We also report the first quantum yield measurements

on the B , C, and D states in the 145 to 175 rim absorption region.

• As with most of the previous measurements, the results ~ be repor ted

represent an average over a particular distribution of vibrational levels

D- 3
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in the excited state (involving a convolution of the excited state

distribution produced and the filter transmission characteristics). It

will be shown that vibrational relaxation from high levels of the XeF(B)

state to the low vibrational levels observed in the present (and most

previous) experiments can play an important role in determining XeF(B)

state kinetics. lt appears that this effect may be responsible for the

quenching behavior observed in previous work and attributed to a

combination of two- and three-body quenching. In the present work we

find no evidence for three-body quenching of the XeF(B) state by Ne , Ar.

o r N
2
.

EXPERIMENTAL

These measurements have been performed on the 80 Beamline at the

Stanford Synchrotron Research Projec t using the synchrotron radiation

from the SPEAR storage ring at the Stanford Linear Accelerator Center.

This light source provides unique timing capabilities since the pulse

duration is 0.3 nsec and repeats at 1.28 MHz. Photodissociation of XeF
2

at ~ < 200 nra has been used as the source of electronically excited XeF

(B, C, and D) states . Most of the work has been performed between 145

and 175 nra where XeF
2 
exhibits a strong absorption band (f 0.4--see later) .

All the timing experiments were taken with the conventional Time-to-

Amplitude Converter (TAC) system using the fluorescence photon as the

start signal and the exciting light pulse as the stop signal. Details

of the experimental cell, which incorporates three MgF
2 

windows , have been

- 

$ 
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given elsewhere .
18 

The fluorescence was measured with an EMI 9813QAM

lookin~ through a 350 rim interference filter (15 nra FT.~fl~~~~ ) for the XeF(B)

emission and a Wratten 2E filter for the XeF(C) emission. A few measure-

ments were also made on the XeF(D) state using a 254 nm filter with 13 rim

FWHM to observe the D — X emissic:’n. The response time of the photo-

multiplier-TAC system was -~~ 0.8 nsec .

In addition to servix~ as the start channel on the TAC system , the
p .

fluorescence signal was also measured with a ratemeter and displayed on

one channel of a two-channel pen recorder. The intensity of the exciting

p synchrotron radiation was monitored by a sodium salicylate disc-photocnultipl ier

combination whose output was measured on a Hewlett-Packard micro-microainmeter

and displayed on the second channel of the two-channel pen recorder. The

pen recorder would then display an absorption-excitation spectrum when

the monochroinator was scanned. Furthermore the absolute sy~chrotron flux 
p

as a function of wavelength was determined with a calibrated vacuum uv

photodiode. This enabled the response of the salicylate disc with wave-

length to be determined’9 and its constancy checked several times during

the experiment.

The XeF
2 
was purchased from PCR Research Chemicals Inc . The Ne , Ar ,

and N were all of ultra high purity grade. All pressures were measured
2

on Baratron pressure transducers. The XeF
2 
was pumped on prior to each

use to remove the products of its slow decomposition (perhaps arising

• from wall reactions in its pyrex containing vessel). Gases were mixed

D-5
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in a stainless steel vessel prior to introduction into the photolysis

cell.
p

Quantum yields were measured by comparison to the O(
1
S) signal from

N
2
0 photolysis for which the quantum yield is known .’9’2° The la t ter

P measurement utilized a N
2
0/Xe mixture containing I torr N ,O and 1420 torr

of Xe in which 25% of the O(
1
S) radiates.

19 ’21 It was made using the

same photomultiplier and the Wratten 2E filter and simply recording the

fluorescence signal (counts/sec) ~ind the absorption of the N10/Xe sample

as the monochromator was scanned . This trace was then compared to those

obtained using only XeF
2 

in the photolys is cell , at pressures in the

range 0.3-3.5 torr , and the filters for the B, C , and U state emissions.

RESULTS

A. 
~~~2 

Absorption Cross Section ‘

From the absorption spectra as a function of XeF~ pressure we were

• able to determine a value of 1450 ± 150 cm ’atmos ’ for the value of the

XeF
2 
absorption coefficient at the 158 run peak. For the whole band an

- 
f-value of -

~~ 0.4 was determined . The peak absorption cross section is

( P
slightly more than a factor of two smaller than the earlier reported

value of Nielson and Schwarz.
22 

The reason for this discrepancy is

unknown but a similar situation has been found to exist at 172 nra in

- - 
previous measurements in this laboratory’ (although in this case a

factor of four discrepancy was measured).

p
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Quantum Yields

The intensity of the XeF(B) state fluorescence , at XeF
2 
pressures

of 3.5, 1.0, and 0.3 torr, is shown as a function of photolysis wavelength

in Figure 1. The double humped curve (peaks at 147 and 170 rim) with

XeF
2 

= 3.5 torr reflects the effect of optical thickness--at this

pressure, in the center of the absorption band , most of the absorption

occurs close to the entrance window and the resulting fluorescence is

not efficiently measured. The peaks appear when the optical density

provides the maximum absorption (and hence fluorescence--assuming a

constant quantum yield) in the region viewed by the EMI 9813QAH photo-

multiplier. The relative heights of the two peaks closely reflec t the

relative photolysis intensities at 147 and 170 nra indicating that, within

107., the quantum yield of XeF(B) state production is the same at these

two wavelengths. As the XeF
2 
pressure is lowered the two peaks move

together and finally , at XeF
2 

= 0.3 torr, merge to a single peak which

appears at the peak of the XeF
2 
absorption (158 nra).

For the quantum yield determination the peak signal obtained with

Xe1
2 
at 1.0 torr of — 6700 sec ’ was compared with the peak signal of

-~ 12000 sec 1 
obtained for Xe0(~S) with the N

2
O/Xe mix (this occurred at

132.5 nra when the N
2
0 absorption cross section is approximately the

same as that of XeF
2 
at 165 nra). The XeO(~S) trace showed only the

single peak at this wavelength because of Xe absorption (as Xe
2
) below

• 132 rim. A t 1 torr XeF
2
, 827. of the XeF(B) radiates (see later) compared

D-7
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to 257. for the XeO(’S). Furthermore the flux at 165 nra was 0.18 times

the flux at 132.5 nra (because of narrower slits at 165 rim) . The f i l t e r
P

transmission for the XeF(B) state emission is estimated at 157. compared

to 907. for the Xe0(~S) emission. The quantum efficiency of the photo-

P multiplier decreases from 277. at 350 rim (the XeF(B) emission) to 5.67. at

540 rim (although the XeO(
1S) em ission extends 23 from > 560 to < 500 nra).

Using 0.96 as the 0(
1S) yield from N

2
0 at 132.5 rim then gives 0.97 for

the X~F(B) yield. In view of thE numerous sources of error and the

-~ 0.08 yield of XeF(C) state (see below), the B state yield at 165 nm

• 
is O.9~~~

’
~ . Furthermore , correcting for the XeF

2 
quenching in traces :

like Figure 1(a) indicates that this holds over the 146 to 172 nra range.

In a similar measurement of the yield of XeF(C) state using the

Wratten 2E filter it was found that the light transmitted by this filter

corresponded to a quantum yield of 0.11. However in this region the B — A

emission contributes
15 

approximately 0.03. Hence the XeF(C) state yield

is — 0.08 at 157.5 rim (with an estimated uncertainty of ± 0.02) and

decreases by - -- 40% between 146 and 172 nm. This is consistent with

• previous work
9 using both Hg (184.9 rim) and CO (160-180 nra) lamps which

found that the C state yield was more than an order of magnitude less

than the B state yield .

•
We also find a X e F ( D )  state quantum yield of 0.028 ± 0.005 at 155 run

which decreases by at least a factor of 2 in going to 165 run.

p
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KINETIC RESULTS

A. 
~~~~ 

Alone (No Buffer Gas)

1With no buffer gas , a plot of T of the XeF(B) state emission vs

XeF
2 
gave an intercept of (13 ± 1.5) nsec for the radiative lifetime of

p XeF(B) and a slope of (5.5 ± 1.0) x ~~~~ cm
3
molec 

1
sec 

1 for the

quenching of XeF (B) by XeF
2
. Previous measurements of the radiative

lifetime range from (13.5 ± 1.0) nsec
24 

to (19.4 ± 1.0) nsec’2--the latter

being for the v’=O level and hence the present value is in satisfactory

agreement, bearing in mind that different vibrational distributions may

be involved in each experiment. The quenching rate coefficient is

approximately a factor of two higher than the (2.6 ± 0.3) x l0
10 cm3

tnolec
1sec 1

reported by Eden and Waynant1° and still subs tantially higher than the

3.5 x lO~~~ cm
3
niolec ~sec 1 repor ted by Burnham and Harris.

7 
The reason

for this disagreement is not known.

Similar measurements on the XeF(C) state in the absence of any

buffer gas were not attempted because of the two component decays

presumably coming from the presence of both B -. A and C — A emissions.

• Quenching measurements on the XeF(D) state will be reported later.

B. XeF(B) State with Ne. Ar, and N
2 

Bu ffer Gases

In the presence of a buffer gas , the XeF (B) s tate emiss ion has a

two-component decay due to mixing with the XeF(C) state. Typical

intensity-time plots of the XeF(B) and XeF(C) state emissions are shown

- in Figure 2. It can also be seen that the rise time of the XeF(C) state

emission is much longer than that of the XeF(B) state emission (and, in

fac t, has a rise time approximating the decay time of the XeF(B) emission)

D-9 
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- as expected when the major source of the XeF(C) state involves collisional

production from the XeF(B) state. The decay of the XeF(B) emission was

P
fitted with two exponentials. The fast decay as a function of buffer gas

pressure is shown for Ar , Ne, and N
2 
in Figures 3, 4, and 5. A slight

• correction (in all cases < 20%) to the fastest decays shown was necessi-

tated by the response time of the electronics (~ 0.8 nsec). The H

necessary deconvolution techniques to make this correction are presently
) I’

being refined and will be applied to even faster decays in the near

future. In all cases a line is shown connecting a value of 7.6 x lO
7 sec 1

-i
on the intercept ( the reciprocal of the radiative lifetime, T

R
(B) , measured

earlier) and the highest decay rates observed. This was done because, at

low buffer gas additions, lifetimes longer than r
R
(B) were observed.

This indicates that low buffer gas additions provide an additional source

of the emissions being observed through the 350 rim filter on the same time

scale as the measured decay. Since the filter transmits light mainly

from low vibrational levels of the XeF(B) state it seems likely that this

additional source involves vibrational relaxation from the high levels not

seen to the low vibrational levels transmitted by the filter. Spectral

evidence for the production of high vibrational levels has been reported

previously.
8 

We can rule out the XeF(D) state as the source of XeF(B)

because of its small quantum yield. The observed behavior indicates that

the efficiency of vibrational relaxation increases in the order Ne, Ar , and

• 
N
2 
as would be expected. Previous studies in these systems (but limited

D-1O
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to slower decay rates and hence smaller buffer gas additions) have

explained similar behavior by the occurrence of both two- and three-body
- 

p

quenching. We do not find any evidence for three-body quenching, and

feel that vibrational relaxation is probably also involved in the

p previous studies. The slopes of the line in Figures 3, 4, and 5 corres-

pond to rate coefficients of (1.0 ± 0.1) x io~~
1, (1.8 ± 0.3) x lO~~

2
,

and (5.7 ± 0.6) x 1O~~ cin
3molec 1sec ~ for Ar, Ne, and N

2
, respec tively

(after correcting for the small XeF
2 
contribution).

Because of the collisional mixing of the B and C states, the

significance of these rate coefficients requires further consideration.

If we represent the mixing process by - -:

‘Bc
X~~ (B) + Rg ~~~~XeF (C) + Rg

then the B state can be represented as the sum of two exponentials 
- 

- 

-

B = b e

where = 
2 [(

~:~)
2 

+ 4 kCB k~~ Rg2~~

where $ and ‘1 represent the total rate of B and C state removal,

respectively

p -lT
R 

(B) + kX F (B)[XeF
2
] + k [Rg]

— land — (C) + kx~p 
(C) [XeF

2
I + k~~(R~]

2
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From the earlier results we know T
R

(B) ’ — (7.6 ± 0.7) x 1O
7 
sec

1

and k (3) — ( 5 5  ~ 1.0) x 10
10 cm3molec 1sec 1

. Also it will be
• 

Xe?2
shown below that T ~ (C) = (1.0 ± 0.1) x lO~ sec 1 and k (C) —R XeF2
(5.3 ± 0.5) x io lO cm3molec 1sec ’. Since the energy separation of the

• B and C sta tes4 is (610 ± 60) cm 1 
we also know that kCB (0.056 ± 0.016)

k
BC

. k
BC 

was therefore used as the adjustable parameter to calculate

values of and to compare with the experimental results. In all

cases it was found that, within the experimental error at high buffer

gas pressures (where vibrational relaxation does not appear to effect

the fast decay) , could be equated with 0 and hence the rate coeff ic ients

quoted for Ar, Ne, and N
2 
refer to ‘

~BC These rate coefficients could

also include contributions from direct quenching of XeF(B) [to give products

other than XeF(C)], but based on the previous work
9 
this contribution is

expected to be negligible. These values are approximately a factor of two - -

larger than those reported in two previous studies.
9’1° In the case of

the steady-state measurements
9 
this difference arises, at least in part,

from ignoring the rapid quenching of XeF(C) by the XeF
2 

present in those

- 

- . experiments. In the previous time-resolved fluorescence studies,’° the

inclusion of three-body quenching causes underestimation of the two-body

rate coefficient.

C. XeF(C) Quenching

Figure 6 shows the values of the decay rates of the XeF(C) state

• (and the slow component of the XeF(B) state) vs XeF
2 
in argon buffer.
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The argon pressure change of almost a factor of ten produces no

significant change in the decay rate. This indicates that there is

no quenching (rate coefficient ~ ~ x ~~~~ cm3molec ‘sec 5 of the )CeF(C)

state (as distinct frommixing with the XeF(B) state). It should be

P remembered that rate coefficients deduced from the value of (the slow

component of the B state decay) , when a high buffer gas pressure provides

rapid mixing of the B and C states, really relate to mixtures of ~ 95%
P

C state and ~ 57. B state. It was found that the data shown in Figure 6

required a radiative lifetime of (1.0 ± 0.1) x ~~~ sec 
1 

for the XeF(C)

p state and (5.3 ± 0.5) x lO~~~ cnt
3
molec 1sec l for its quenching by XeF

2
. 

S

These values were also consistent with the more limited data taken in Ne

and N
2 

(although the upper limit for quenching the C state by N
2 
has to

4. be raised to l0 13 
cm
3

tnolec
1
sec5. These upper limits on quenching by

Ar , Ne, and N
2 

are substantially lower than previous estimates.
9 The 

p

radiative lifetime for the C state is in good agreement with recent

work.
4’14”5 The only discrepancy with previous work, as with B state

quenching, concerns the quenching by XeF
2 

which is a factor of three

higher than the recent measurement of Waynant and Eden.
4 This may

indicate that, although buffer gas was avoided in these latter experiments

to minimize collisional coupling between the B and C states, some mixing
I

is still occurring (perhaps via electron collisions).

A more extensive analysis of the present data is in progress. Of

p particular interest are the ratio of the slow and fast components in the

D-13
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B state and C state fluorescence yields. From these it is possible to

refine the determination of the energy separation of the B and C states

and to assess the contribution of direct quenching of these states by rare

gases and N
2
.
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FIGURE CAPTIONS

Figure 1 XeF(B) fluorescence intensity at 350 sin vs photoly~ is wavelength at

three Xe?2 
pressures. During this set of measurements the

pho tolysis beam intensity decreased by ~ 107..

p 
Figure 2 Intensity-time plots of the XeF(B) and XeF(C) state

emissions produced by XeF
2 
photodissociation at 172 rim.

Ar = 500 tort and XeF
2 
= 0.36 torr. Only ~ 107. of the data

P
points are shown plotted.

Figure 3 The fast decay rate of the XeF(B) state emission at 350 m i  
- 

-

- p vs pressure for an Ar + 710 ppm XeF
2 
mixture.

Figure 4 The fast decay rate of the XeP(B) state emission at 350 sin

vs pressure for a Ne + 770 ppm XeF
2 
mixture.

a
Figure 5 The fast decay rate of the XeF(B) state emission at 350 urn

vs pressure for N
2 
+ 2740 ppm XeF

2 
mixture.

Figure 6 Decay rate of the XeF(C) state emission vs XeF
2 

pressure in

three different Ar/XeF
2 

mixtures .

p

p

I
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