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KINETICS OF Nl'I'ROOEN DIOXD.>E FLUORESCENCE 

Stephen E. Schwartz 

Inorganic Materials Research Division, Lawrence Radiation Laboratory, 
,Department of Chemistry, University of 'California, 

Berkeley; California 

ABSTRACT 

The fluorescence lifetime and intensity of~gas"p'}:).ase!:nitrogen'. 

dioxide (2B:I.> have been measured as a function of excitation wavelength, 

fluorescence wavelength, and pressure. The phase-shift methOd was used; 

this technique allows lifetime measurememts to be obtained with signal 

intensities of 100 counts per second and lower. The excitation source, 

tunable throughout the visible region, had a half width bandpass as low 

as 15 A. Fluore~cence wavelength. separation was accomplished with 

interference filters. The radiative lifetimes range from 55 to 90 ~sec 

:for excitation from 3980 .:to'·,6000 'A, ah<;l tend to::.increas.e· w'ith excita-> ::-

tion wavelength; however, the lifetimes exhibit considerable variation 

within a narrow excitation region. 

The fluorescence sample was contamed in a 33 em diameter spherical 

bulb; apparent flUorescence lifetimes in smaller cells were reduced be­

cause of migration of excited molecules (under collision free conditions) 

and wall quenchmg. In order that the measured l:i:f'etime exhibit no 

more than ~ error, observation must be extended beyond the excitation 

region to a distance 5 times the product of the lifetime Qy the most prob-

able velocity. 

The Stern-Volmer analysis of fluor'escence kinetics has been general­

ized to a multi~level system under conditions of modulated excitation 
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and phase-sensitive detection. Analysis of fluorescence data. in terms of 

this mechanism yie~s average values for energy transfer rate constants 

and. efficiencies (amount of energy lost by the. excited polJatomic mole­

cule per effective collision). Energy transfer rate cO!1stants for ex­

cited N02 (~Br) with a ground state collision partner are approximately 

. -1 
gas kinetic; efficiencies are approximately 2300 cm. 
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INTRODUCTION 

The study of relaxation processes is of major importance in ~oming 

to an understanding of the chemistry of gas phase reactions. The acti-
. ' 

vation of reactant molecules in unimolecu1ar reactions and the stabili'" 

zation of products in bimolecular recombination reactions take place by 

12 the mechanism of collisional energy transfer.' Further, there is an 

increasing body of experimental work that indicates that a major fraction 

of the enthalpy in certain exothermic bimolecular atom transfer reactions 

is localized. in the newly formed bond immediately after the reactive 

encounter.3- 5 The excited molecules are subsequently relaxed by colli-

sional processes. 

The use of fluorescence techniques to study the energy transfer 
'. 6 

processes of molecules dates to the early part of this century. In 

recent years a wide number of additional experimental approaches,': direct 

and indirect, have been applied to the study of these processes: ultra-

7a 8 . 9 '10' 11" sonics,' unimolecular reactions, chemical activation, shock wave stud!es, 

chemiluminescence,12 and kinetic absorption spectroscopy.13 Of these, 

the techniques that make use of spectral observation of the cquantum states 

participating in the energy transfer processes provide the most detailed 

information, and fluorescence continues to be a valuable technique for 

14 
these studies. In particular, time resolved fluorescence studies 

allow a direct measurement of energy transfer rates of energetic mo1e-
15 . , 

cUles. Recent reviews of'relaxation processes in gases and the techniques 

of their' ,'study have beengivenhyF1ygare,:L6., a~d; Stevens. 17 ~ 

The present study is. an investigation of the kinetics of nitrogen 

dioxide fluorescence excited by visible radiation and the associated 
.... 

energy transfer processes of the excited molecules. Nitrogen dioxide 
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is of interest as the subject of suCh a study for a number of reasons, 

which are listed here: 

1) There exists very little direct quantitative information about 

the rates and efficiencies ot' energy transfer processes in highly,,' excited 

small polyatomic molecules and no direct evidence concerning these pro-

cesses in tri-atomic molecules •. Previous experiments have indicated 

that energy transfer processes involving !f02 take place with high proba-

W ~ bility and that such processes may take place by a stepwise mechanism. 

Hence this molecule is well suited to· such a study. ".'. 

2) There have been recent doubts concerning the existing value of 

20-22 
the radiative lifetime of N02 fluorescence. The existing value 

18 20' . . 
(44IJ.sec)' is anomalously long for: an allowed electronic transition, 

as inferred from the magnitude of the absorption coefficient. No depen-

dence of the radiative lifetime upon the energy of the excited molecule 

has been reported previously, although such a dependence is expected on 

the basis of radiation theory from the frequency factor in the A coeffi-

i t f t di t i 20, 23 -24 It h b ti i t d c en or spon aneous ra a on. as een an c pa e on: .... , 

spectroscopic grounds that the fluorescence lifetime might exhibit fluctua-

20 
tions because of severe perturbations in the upper electronic state. 

Theoretical interpretations of the causes of long fluorescence lifetimes 

in molecules have recently been given by several authors. 5, 25-28 

3) T~e fluorescence of N02 is of interest as an elementary process 

29-36 21 22 37 38 . in the NO + ° and NO + °
3

' , , chemilumlnescence reactions, 

which have received considerable study in the laboratory and, in the 

39 40 . former case, as an upper atmosphere reaction.' Any understanding 

of the rates of radiative and non-radiative processes that is obtained 
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from fluorescence studies can be used to increase our understanding of 

the chemical processes responsible for the population and depopulation 

of the excited electronic ',state 'in, these specific reactions. 

4) Nitrogen dioxide is advantageous from an experimental point of 

view. The molecule has an electronic transition in a spectral region 

that is well suited to experimental investigation. The upper state 

is presumed to be the lowest" excited electroni c state of the molecule 
4 ' 

on the basis of theoretical considerations I and of a partial rotational 

42 
ana~sis of the absorption spectrum. Consequent~, studies of the 

relaxation processes are probably not complicated by the presence of other 

electronic states. The lowest electronic transition of N02 has the 

42 
additional property of So pre-dissociation limit in the absorption region. 

By use of excitation, close to this limit the behavior of ~olecules in 

the neighborhooa. of a dissociation continuum may be examined. 

In a flUorescence study such as the present on~thesystem is dis-
, . 

turbed from equilibrium optically; fluorescence is' usedan'alytically to, 

observe the relaxation of the system back to eq~ilibrium. Optical ex-

citation is an advantageous, way to study the luminescence and associated 

processes, as compared to electrical or chemical means of'excitation, as 

one is able to achieve highly mono-energetic excitation and good time 

resolution. Under conditions of continuous, or dc, excitation such a: 

system establishes steady concentrations in all quantum states. For ac 

excitation the system acts as a set of linear circuit elements that 

follow the excitation at the modulation frequency, but with phase 

lag and amplitude characteristics that depend on the transition probabi-

lities connecting the various states. In the limit of zero pressure the 
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only mechahism of relaxation will be optical, that is, fluorescence. 

For this to be true we also require that other processes, such as pre';' 

dissociation,or diffusion to the walla, are negligible. Non-radiative 

(collisional) energy transfer processes begin to compete with radiative 

processes at finite pressures and at sufficiently high pressure become 

the dominant mechanism for restoring the system to equilibrium. Thus 

pressure is the significant independent variable available to playoff 

one relaxation mechanism against the other. 

The remainder of this introduction is divided into four sections. 

In the first a discussion will be given concerning the relation between 

the absorption coefficient and the lifetime' in electronic transitions 

with specific reference to N02• In the second and third sections will 

be given the theory of measurements by the phase shift technique and a 

resume/of Stern-Volmer (quenching) kinetics. Finally, the previous 

studies of N02 fluorescence will be summarized. 

A" Relation Between Absorption Coefficient and Radiative Rate Constant 

The original relation between the absorption coefficient and the 

radiative rate constant for an optical transition was developed by Ein­

stein. 43 The basis of the re~tion is that absorption and spontaneous 

emission are inverse processes and must satisfy detailed balancing. The 

precise mathematical statement of the relation depends on the ch oice of 

units for light intensity and absorption coefficient. A useful and self­

consistent s,et of units has been given by Brewer. 44,45 Here light in-

2 tensity I is measured in units of quanta/( cm Xsecxunit frequency interval 

-1) sec • The Einstein B coefficient is used directly in the rate equation: 
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:!' [molecules/( cm3xsec) I :: !N"B (1) 

With these conventions the electronic transition mament (squared) of 

a single atomic line for electric dipole radiation is given by 

I'n ; 12 
'n' = e ' 

3h 1 
g' 

B 

The A coefficient (radiative rate constant) is related to the electronic 

transition moment by 

A '= 
•. :'i " 2 
Y. g" ,\:R I e 

In these expressions gtand g" are the degeneracies of the upper and 

lower states respectively; v is the optical frequency between the two 

states in wave numbers (cm-l ). 

At this point we wish to relate I and B to the usual (for kineticists) 

laboratory quantities I 
o 

2 r 

(quanta/cm sec) and k =0, the absorption 
a 

2 
coefficient in cm. These relations are given by 

B=JodV 

Ie J I d V 
o 

The requirement to satisfy (~) that loa = I B is fulfilled. 

(4a) 

(4b) 

We wish now to, consider molecular transitions. Under the assumptions,: 

1) tnat the total wave function of the molecule is separable into 

the product of electronic and nuclear wave functions, and 

2) that the configuration of the nuclei changes slightly between 

the two vibronic states and that the transition moment varies slowly 

with the nuclear configuration, 
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th th di ti 1 ti b i d t 1 ul . t 46 en e ra a on re a ons may e carr e over 0 mo ec ar spec roscopy. 

In molecular transitions the electronic moment, rather than being concen-

trated in a single line, is spread over transitions to a number of final 

states" Thus in the evaluation of the electronic transition moment from 

the absorption spectrum the contribution to the absorption intensity must 
. 24 

be summed over the electronic transition. 

From (4a) 

1 
(}T~ 

v' 

BV'V" 

V· v'v" 

~hc' 1 (Iv" ./ f dv 
= 8~"""'Qi" T .(5) 

The integration indicated in (5) is now to be taken over the entire 

electronic band. We may designate 

2 
as the integrated absorption coefficient having units cm" Gt and G" 

are the numbers of suitable orbitals to which molecular transitions can 

take place. The ratio G"/G' is equal to the ratio gll/g' of the eiectronic 

24 degeneracies. . 

We now consider the rate of emission from the level v'.. This dis-, 

cussion parallels that of Strickler and Berg. 23 The rate constant for 

fluorescence into a particular v" level of the lower electronic state 

is given by 
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'A v'v" = 

where 

2 
G" 1',Re',I' qv'v" 

I .. I' ,.., 12 :' .. ('I/i. 11'1/1.,,, J .-: ' v ,v \ , 

y3 
v'v" (6) 

is the Franck-Condon factor between the two vibrational wave functions. 

~ normalization and completen~ssl (i.e., by the assumption that the 

Franck-Condon region of the transition to the lower electronic state is 

concentrated entirely in the bound vibrational levels of 'the lower state) 

we obtain the sum rule for Franck-Condon factorsf 

v" 
<lv'v" = I, " 

The total fluorescence rate constant from level v t is given b,ythesum 

of rate constants to all V"J 

= 

where 

81fC 

~ 

G" 
Gt a - (y3 ) 

~ v
t 

F-C 
(8) 

- v" y3 
v'v" 

'f 

is the average of the fluorescence frequency cubed, taken over Franck-

Condon factors. This average may readily be obtained experimentally 

as developed by the following arguments. 
./ 

The Franck-Condon factor is -"-.- --

proportional to the intensity of a given band divided by the frequency 



cubedt 

qvtv" 

If we define 

";-. 

E - Z 
v" 

. then 

= 

, -8-

a: 
I 

VI v" 
-3 v v" v' 

I t v v" 
-3 v f v" V 

I yt v" 

-3 
v t v" E . v 

satisfies': (7) and (10) '" ConSequently, we may write 

Z Ivtv" 
(yo3,) VII 

.= = 
v F-C Z I . y3 

v" vtv"/ vtv" 

(10) 

(11) 

I\!"{ 

fI 
I 

dv v t 

f(I Jv3 ) dv 
y 

(12) 

where the integrals are to be taken over the entire fluorescence spectrum. 

The relation between the (measured) absorption coefficient and the 

(predicted) radiative rate constant is now given by 
t 

A t 
V 

= 87TC 
G" 
Gt 0' - (-3 

VvJ,) 
F-C 

It should be stressed that in order to apply this relation both 0' and . 
(ii3 t ) must be measured· in indep~ndent experiments. Further (y3 t ) 

v F-C v F-C 
will be different for different v'. Consequently any com..,..arison between 

radiative rate constants for different v' must take into account the 

emission spectra of the two vibrational levels. This point has ~een 

stressed by Radford and Broida. 47 Without knowledge of the emission 

spectra, the comparison of measured lifetimes of two v t levels must be 

somewhat qualitative. However, a general conclusion ,that may be inferred 
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is that the more energetic levels will tend to fluoresce at higher energies 

and consequently will tend to have greater fluorescence rate constants 

(shorter lifetimes). 

We wish to turn now to the application of these expressions to the 

A ---x transition in nitrogen dioxide. The red-brown color of gas phase 

N02 is due to a strong very broad electronic absorption which extendS 

from 2500 A in the near ultraviolet to at least 10000 A in the near inf·ra-

're d... The gas is. in equilibrium with its dimer, which is transparent 

48 at wavelengths greater than 4000.A. At the pressures of the present 

fluorescence experiments this equilibrium is entirely to the side of the 

49 . monomer; however, at the pressures required for obtaining absorption 

spectra the proportion of N204 is quite significant. The problem was 
. 48 

overcome by Hall and Blacet who used spectra obtained at two pressures 

49 . and the equilibrium data to obtain absorption spectra of the two species 

(Fig. 1). A continuation of the absorption spectrum to 7000 A has been 

given by Dixon",50 From the two spectra, 'which are in good. agreement in 

the region of overlap, the integrated absorption coefficient a was ob­

tained by numerical integration (Table I). 

The entire resonance fluorescence spectrum of any vibrational level 

of N02 has never been measuredo 

which is needed for application 

Consequently the average quantity (v3
t > 

v F-C 
of Eq. (13) is not available. However, 

this quantity may be estimated by various means. First, from the absorp-
,;- . 18 

tion spectrum, the average frequency of absorption may be determined 

(Table I) and used as an estimate of the fluorescence frequency. However, 

this quantity might be expected to be too large for two reasons r 

1) The absorption continues well beyond the dissociation limit 
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Fig. 1 Absorption spectrum of N02 as determ:in ed by Hall and Blacet (Ref. 48). 
From spectra at equilibrium mixtures of N02 and ~04 at 33 and 306 torr 
the spectra of the two species were resolved by use of the equilbrium 
data. (Figure reproduced by permission of the authors and the copy­
right holder, the American Institute of Physics). 

I 
I-' o 
I 
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Table I. Fluor~scence lifetime of N02 calculated 
.from radiation relations 

Integrated Quantity Value Calc. , Source of 
Lifetime .. l._J.ta 

jlsec 

C1 - 2.99><10-19cm2 absorption 

fdd~/J(C1/V) dv 25880' cm 
-l' 0.256 absorption 

n;3}F-C J1/ 3 12300 ~1 
2.38 NO + 0 cm 

[(v3 ) J1/3 6233 
' -1 

18.3 NO + 0
3 F-C ' cm 

Ref. 

ai b 

a,b 

c 

d 

Results of numerical integrations' of absorption and fluorescence spectra. 

Fluorescence lifetimes were calculated from integrated absorption coef!i.;. .. 

cient, ~ , using three estimates of the mean frequency of fluorescence. 

a. Ref. 48 

b. ,Ref. 50 

d. Refs. 21, 22 



3975A, while fluorescence is obtained only from molecules with, energies 

below that limit. 

2) Fluorescence can take place to ,high levels of the ground state. 

The second approach to the values of (li3)F_C can be obtained from chemical 

reactions that yield excited N0
2

• 21.,22, 31 If it may be assumed tha.t the 

electronic state here is the same as that populated optically, then the 

fluorescence spectra of these chemiluminescence systems can be used to 

obtain values of (v3)F-C~ These are given as well in Table I. The 

two values given might be taken to represent the average frequency of 

emiSsion for the two molecular energies populated by the reactions:; 

however, since the spectra are obtained at high pressure,', energy 

transfer processes may have taken place and consequently the fluorescence 

spectra may be shifted to low~r frequencies than for the resonance spectra. 

These values shoul4. only be considered as rough estimates of the (v3)F_C 

factor that should be USed in applying (13) but suggest that a factor 

of from 10 to 100 of the "anomalously long lifetime" of N02 fluorescence 

may be due to improper estimation of this quantity. Certainly the spread 

in the values of the calculated lifetimes indicates the degree of caution 

that must be exercised in applying the radiation relation (Eq. 13) to a 

transition that extends over as wide a region as the present one. 

B. Theory of Measurements 

The theory of the phase-shift technique has been developed by 

previous investigators.15,51-58 In general we may write the functional 

relation between the modulated concentration E of an excited state and 

the modulated intensity I of the excitation radiation in terms of a 
" -0 

dimensionless complex transfer function F which is defined by the relation 
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where 

k G 
a 
k 

F I 
-0 

ka is the abso~tion cross section; 

G is the concentration of molecules in the ground state, 

I = I e 
:1mt is the modulated excitation light, 

(1) 

-0 0 :1mt 
E = E e - is the modulated concentration in the excited state, and 

co = 27rf is the angular frequency of the modulation. 

When the kinetics are first order in a single excited state then 

F = 1 

l+~ 
k 

where k is the total rate constant for first order decay in th e absence 

of excitation radiation. Expressions for F for other. kinetic mechanisms 

are given in Appendix A. 
. 

Experimentally, the transfer function F(CO) is. obtained by measure-

ments of the intensity of fluorescence and the phase shift of the fluores· .. 

cent, light with respect to the excitation source. For first order kinetics 

in a single excited state the amplitude of the modulated signal is 

lsi = = 
1 

where kf ~s the flUorescence rate constant .(a subset of k), where a is 

the fraction of the total flUorescence spectrum that is within the spectral 

resp?nse of the detector) and ~ is a geometrical factor equal to the 

fra~tion of the emitted light which is accepted by the detector. , The 

phase shift is given by 



e = -1 tan 
(I) -k • (4) 

The desired rate constant k may be obtained either from the decrease 

in modulated amplitude or from the phase shift J both methcxis are ex-

pected to give the same value for k with the phase method more sensitive. 

. 51 This has been confirmed by Birks and Little. 

In two instruments which have been designed to· measure the phase 

shift e directly, a calibrated phase shifter was either manually set to 

null the observed phase shift:e or was mechanically swept through the null 

region. 53 These means of measuring the phase suffer from the limitation 

of short integrating times, and in the former case pos sible errors of ~ ... ~ 

judgment at low signal-to-noise. Presumably these disadvantages could 

be overcome by the use of a servo-d.riven phase ",shifter coupled to an 

integrator. An alternate technique,which is employed in the present 

experiment, is to measure the intensities of the in-phase and out-of-

phase components of the fluorescent signal by use of a lock-in detecto.r 

gated with respect to the modulation Signal. In single-state kinetics 

the rate constant and the lifetime are obtained from the ratio of the 

components f 

The modulation amplitude is obtained in the usual way 

r sl = + S2 )1/2 
_900 (6) 

This method has been used by Yardley and Moore15 and Johnston and co-

54-56 workers to enable integration times to be extended arbitrarily by 

analog or digital means. 



The inherent source of error in measurements of rate constants by 

the phase shift techriique is the propagated error of· the pha se. Inthe 

present technique that errQr enters in setting the phase-of the lock-in 

detector to that of ,the excitation light. If this error is designated 

as /). ¢, measured in radians .. "then from (4) and (5) 

/).k 

k = 

where R = S_900/S00. This result has: been given Qy Kloss andWende157 

and by Bonch-Bruevich. 58 
. 1 

The quantity,(R + R- ) is at a rather shallow minimum. for the exactly 

tuned modu.lation frequency, (J.) = k. The :error expression (7) sets limits 

on the range of lifetimes that ~y be measured with a gi van frequency.in 

order to retain a desired precis ion. 

c. Resume~of Stern-Volmer Kinetics 

The kinetic; scheme of excitation to a:hd~ fluorescence from a 
, 6 

single excited state is known as Stern-Volmer kinetics.59 , 0 The 

elementary reaction~ in this mechanism are r 

excitation 

E fluorescence 

E + M k~ G+M quenching 

where 

G is'a molecule in the ground state 

E is a molecule in the excited state 



M is a quenching molecule which may or may not be G 

I is the incident intensity of excitation . light, and 
o 

k is the absorption cross section. 
a 

The assumption of a s:ingle excited state and the conventional· 

steady state assumption lead to the expression for the concentration of 

the excited state in a dc experiment: 

1 
E = • (1) 

The observed fluorescence signal is given by 

.Consequently the observed signal should obey the Stern-Volmer relation! 

where the constant of proportionality equals the product (Io ka a ~)-l. 

Even if all these factors are known theCLc . experiment is capable of 

yielding on~ the rate constant ratio kq/kf • This ratio may be obtained 

from the same experiment without knowledge of these factors (which are 

difficult to obtain experimentally) as the ratio of slope to intercept 

in a graph of relative values of (S/G)-l vs. total pressure M. Such a 

graph should have finite and positive values for slope and intercept. 

Since only a single excited state participates in the fluorescence" the 

pressure·· dependence of (S/G) -1 should be independent of the observation 

wavelength. 

In a time resolved (flash-decay) experiment the decay in concentra-

tion of the excited state from an established concentration E (0) at 
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time t = 0 in the absence of excitation light is given by 

E(t) = 

where 

-1 . . 
The inverse li1'et:f.me or is the total first order (in E) rate of depopu-

. " -1 ' 
lation of the- excited state. Consequently a graph of 't' vs. M will 

yield values for'kf and kq independent~ as the intercept and slope re-

, (f )-1 -1 spectively. The wo quantities S G and 't' are measured independently 
I . . 

in difi'erentexperiments. The graphs obtained from each experiment are 

expected to be geometrically similar; i.e., to have the same slope to 

intercept,ratio. 

An alternate graphical representation of the data may be obtained 

from the relations , 

and 

A graph of either of these quanti t:l es va.. the .inverse of the press:ure . 

(inverse Stern-Vo:urler plot) shoUld again be linear. 

We wish now to treat the same mechanism in terms of the phase shift 

technique. This method introduces no new kinetics, but is merely an alter-
I . 

nate method of performing the experiment. For simple Stern-Volmer kinetics 

the measurement of in-phase and out-of-phase signal intensities as a 

function of pressure, at a single modulation frequency ro = 2rrf, is 

equivalent to the independent measurement of lifetime and intensity as a 
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, 
'function of pressure. This equivalence is developed as follows. In an 

ac experiment the differential equation governing the population E is 

where ~o is the incident (ac) intensity. For I :: 
-0 

I e~ the solution 
o 

obtained for the.modUlated concentration in the excited state is 

whence 

For the lock-in.measurement;·technique 

S :: S o' - is 0 

- 0 ." -90 

In Stern-Volmer kinetics then 

and 

k
f 

+ k,;\ M 
q 

(.\) 

) 
icot e . 

S _900 :: Io ex ~ kakf ,(8) 
(k +k M)2 + (.\)2 

f q 

the in .. phase. and. out-of-phase intensities,are. the two independently measured 

quantities in the experiment.~· We. nowdef'ine the' combinatorial quantities 

R = S_900/S00 which is dimensionless and I = [(Soo)2 + (S_900 )2] / SOo 

having units of intensity which, under the assumption of Stern-Volmer 

kinetics, should obey the relations: 
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I-:-l «1 + '(k I k )M' and I-11M a: 
q' f 

1 + (k I k )M-l 
f q 

wher~1 as bef'ore, the constants of' proportionality take ' into account the 

product (I ka,,). The two quantitites I and Rim are the 'phase shift analogs o a 

to the :intensity measured in a .dc experiment and the lifetime measured 

in a conventional flash-decay experiment, respectively. 

,It should be stressed that the two quantities R and I are :independent. 

'SoO . =: I/(l +R2) 

S~900 = IR/(l + R2) 

D. Summaq of Previous Studies of NOe Fluorescence 

(10) 

The optically excited fluorescence of N02 was first observed by 

61 
Non-ish. . The fluorescence was found to extend from thE:jwavelemgth of 

excitation :into the red, and the spectrum exhibited.a broad, diffuse 

structure. The first quantitative quenching stu~ies of the fluorescence 
, 62 

were made by Baxter, who interpreted the results in terms of the stern-. ' 

, Volmer mechanism, finding that the quenching ratio kq/kf was very large. 

The indication was that either the quenching was super-efficient or that 

the lifetime of the excited molecule was quite long •. This question was 

resolved by Hei1
63 

who Bhowed, from,the fact that the molecules diffuse 

the order of 0.1 cm in their lifetime, that the lifetime was necessarily. 

the order of 10 ~seco 



· The first photo-electric measurements of the fluorescence lifetime 

18 and quenching were made by.Neuberger and Duncan (ND), who found a life-

time of 44 ~sec. ND found no dependence of the fluorescence lifetime on 

the wavelength of excitation for the regions 3750-4150, 4050-4700, and 

4400-5000 A. Attempts were made as·well to measure fluorescence life-· 

times for excitation in the regions 3300-3900 and 5200~5700 A. In the 

former region no fluorescence was observed; this was attributed to disso-

ciation.. In the latter region fluorescence was observed, but no lifetime 

was capable of measurement with their eq'1ipment. This was attributed by 

the ·authoI'S either to lack of sufficient':",signal or to insufficient time 

resolution of their equipment. ND also obtained a quenching rate constant 

(6 · .. 11 3; . ) .0 x 10 cm molecule sec which was independent of the excitation· 

waveiength. 

20 . 
Douglas ~s remeasured the fluorescence lifetime for excitation 

near 4300 A, and has extended the measurements to lOWer pressures of 
./ 

N02 (001 mtorr)' than were used by ND. The fluores cenc e de cay was 

found to be exponential with a lifetime of 44 ~sec, and there was no 

change in the lifetime in the pressure region 0.1 to 1 mtorr •. 

Recent quenching measurements by Myers, Silver, and Kaufman (MSK)19 

have indicated that the lifetime is at least as long for excitation at 

wavelengths greater than 5000 A as for excitation at lower wavelengths. 

Further, the quenching ratio was found to depend on the excitation 

wavelength, and for a given excitation wavelength on the observation 

wavelength. For excitation at 4358 A the quenching ratio was reduced 

threefold as the wavelength of observation was changed from 4580 A to 

6330 A. This observation implies that the Stern-Volmer mechanism of 
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of a s:tngle excited state is not obeyed, and suggests that the quenching 

process consists of the stepwise removal of energy from the excited 

molecule. 
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II. EXPERIMENTAL 

A. . Apparatus 

1. General Considerations. 

An apparatus was designed to excite and detect fluorescence in the 

visible region and to measure fluorescence lifetimes in the range 10;;;200 

~ sec at extremely low light intensities. Since it was desired that the 

excitation band pass be narrow and continuously tunable throughout the 

region, a continuum source-monochromator combination was employed rather 

than an atomic . line source.. A block diagram of the apparatus is given 

in Fig. 2; the components of the apparatus are discussed below. 

The phase shift method is especially .suitable to lifetime measure-

ments at low fluorescence intensities as it makes efficient use of the 

available excitation light (5Cf/o in the present case) and readily allows . . 

for long integration periods necessary to overcome shot noise in the 

optical signal. Under the conditions of the experiment, at a pressure 

of 1 mtorr}, or 3 ~ 1013 molecuJ.es / cuP in the ground state there were 

typically 103 molecules / em3 in the excited state. Signal intensities 

were of the order of 100 counts/sec; lifetime measurements may be made 

at intensities well below this (e.g., 10 counts/sec) if the integrating 

time is sufficiently long for the desired accuracy. 

For any particle detector the precision of intensity measurements 

is dependent on the total number of particles detected. ,For an ideal 

detector the signal-to-noise (signal to standard deviation in signal) 

is given by 

where I is the average count rate and T is the counting time. Thus 

for I = 100 counts/sec, T must be 100 sec for a noise-to-signal equal 
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For a real photon detector (photomultiplier and associated signal 

processing equipment) ~ the signal-to-nois e will be(degraded from the ideal, 

and the necessary integrating time consequently increased. 

2. ~:: 

The lamp used in these experiments',~was a 1600 watt dd, high pressure 

xenon arc (Osram Model XBO 1600), which em~ts a Gont1nuum over the spectral 

range 2400-7600 A. According to the manufacturer there is scme structure 

to the emission spectrum of the lamp in the region 4400-5000 A, probably 

pressure broadened lines; however, no indication of the existence of such 

structure was observed in the output radiation of the source monochromators. 

The lamp was powered by a Christie Electric Corp. (Model MHXM-1600-2S) sil1-

con rectifier whiCh ran on 208 volt, three phaseAc line current. The 

ac ripple on the dc light output was 0 .. 7 per cent, mostly 120Hz. Although 

not stabilized, the lamp supply was relatively constant. During the 

course of an experiment lasting several hours the current was normally 

constant of 64.0 ± 0.7: amps. The light output va~ieQ.'" approximately 

as the' square of the current variation. The input to the lamp was normally 

64.0 amps x 25.5 volts or 1630 watts. The lamp house (15, cm diameter) 

was water cooled. ' 

According to the manufacturer the light output of the lamp is con-

stant during its 1500 h rate:ilife. Any decrease in the light output, if' . 
'uncompensated, will lead to systematic errors in measurements of' relative 

intensities. The measurements of' fluorescence intensities reported here 

were made with a new lamp during the first 600 h of its 1 fe. No deter-

mination was made of any possible decrease in lamp intensity in this 

time, but such a long term decrease would be adequately compensated by 
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the use of a fluorescence intensity standard (Sec., 10). Also, for a 

given excitation wavelength experiments at different' pressures 'W'ere made 

in random order. 

3 •.. Monochromator. 

Monochromation of the excitation light was accomplished by Bausch 

and Lomb 33-86-02 (compact) and 33-86-45 (500 nnn) grating monochromators. 

in series. The former, used as a pre-monochromator to reduce total 

scattered light, 'Was mounted at the side slit of the larger instrument, 

such that the entrance slit of the second: monochromator served as the exit 

slit of the first. Radiation from the lamp was focusec_on the entrance 

slit of the compact monochromator by a quartz condenser system supplied 

with the. larger monochromator; this lens extended into the lamp house 

approximately 3 nnn from the bulb • 

. Under the usual conditions of measurement the slit widths were 1.3 nnn 

for the entrance slit of the compact monochromator and 0.9nim for the slits 
, 

of the 500 nnn monochromator. At these' slit widths the nominal full width 

at half maximum intensity 'Was 11.5 A. The measured values 'W'ere 15_0 ± 0.4 A. 

The slit function 'Was observed by use of a Spex Industries model 1400 double 

grating monochromator; a profile obtained for excitation at 4300 A is given 

in Fig. 3. These measurements 'Were not corrected for variation in the 

spectral response :of. the monochromator and photomultiplier in view of the 

narrow spectral region involved. In order to obtain a representative 

sampling I of the beam of excitation radiation the entire beam 'Was made to 

fallon a frosted glass plate,. and the scattered light from this plate 'W'as 

observed in transmission. The frosted plate 'W'as located approximately 20 cm 
, 

from the entrance slit of the Spex monochromator and no focusing was used 

between the plate and the entrance slit. 

:.-1 
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The w'avelength calibration of the Spex monochromator w'as determined 

to ±0.2 A with a low pressure Hg discharge (General Electric ,Model No. 

G4T4, 4 watt) and the w'avelength calibration of the excitation source 

, determined in turn from this. The optimum tracking of the two source 

monochromators was determined by trial and error; at optimum tracking the 

band pass was fairly symmetric'" and the intensity approximately maximum. 

The difference in wavelength reading betw:een the two monochromators for 

optimum tracking 'W'asconstant as a function of wavelength. , Repeatability 

in setting the source monochromatorswas approximately 3 A. 

4. Mbdulator and Reference 

The optical modulator consisted of a 'mechanical blade-chopper wheel 

20 cm in diameter having 60 slots recessed 1.9 cm from the circumference. 

The width of the slot was ~qual to that of the blade. The light was focused 

anto the plane of the blade. The image of the source monochromator slit was 

approximately 1 rom i~ width compared to 5.2 mm for the blades. It was 

desired to have an image of the slit focused as small as practical in order 

to minimize_ the phase spread in the excitation radiation, although this re­

sults in a greater proportion of higher harmonics in the excitation wave fOTn4 

The motor used was a 1/50 h.p. Bodine hysteresis synchronous motor 

(Model No. NCH-13) having a rotation speed of 60 reVOlutions/sec. , With 

the 60 bladed wheel the modulation frequency produced, w'as3600 Hz, corre .. 

sponding to a tuned lifetime (450 phase shift) of 44.21 ~ sec. This 

frequency was confirmed by direct count and was considered to be'main­

tained to the precision of the 60 cycle 'ac_line frequency, which is 

generally better than 0.1 percent. Any significant variation in this 

frequency manifested itself drastically in-phase shifts in the tuned ampli­

ffers in the phase sensitive detector. There was a slight amount 

of jitter in the 3600 Hz signal compared to line due to the load of the 
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blade on the motor; this did not have any effect on the detection system.. 

The reference signal to drive the lock ... in was taken direct~ from 

the motion of the blade by a metal distance detector (Bent~ Nevada Corp., 

Model D-152). The signal from the distance detector was filtered to 

remove unwanted high and low frequencies. 

The filtered signal is capable of di':!:ving the lock-in directly at 

any given phase; however, since the lock-in used did not have a quadrature 

phase shifter, such a phase shifter was constructed 80 that reference 

signals separated' by 90° could be obtained. The schematic of the phase 

shifter is given in Appendix F. 

5. FlUorescence GeometEY~ 

Be'cause of the effect of the geometry of excitation and observation 

of the fluorescence it was desired to keep the observation region as 

large as possible. T,he geometrical arrangement of optical components 

is indicated in Fig. 4. The excitation beam B was approximately 

parallel throughout the cell. The two masks M,served to prevent obser­

vation of anY possible flUorescence by the walls themselves, and to prevent 

observation of molecules excited near the walls whose lifetime would be 

short ened by wall quenching. 

In order that the photomultiplier would be able to receive radia-

tion from the entire height of the fluorescence cell the ,housing was 

designed to accept light fram a wide angle. This was accomplished by 
. 

the use of an aperture plate A, which, together with the effective 

cathode surface diameter, ,defined an angle of acceptance e (tan e = 0.31) 

such that all light entrant upon the aperture within this angle would be 

accepted. With the geometry Shown in Fig. 4 the entire height of the 

bulb fell within this angle of acceptance. 
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Fig. 4. Fluorescence geometry: ' front and side views ofgeo-' 
metrical arrangement for excitation and observation of • 
fluorescenqe' •. A, aperture plate, 34 mm diameter; B, 
excitation beam, 20 rom x 25 mm; C,fluorescence cell, 
33 em diam; Mt masks. 
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The condition that was considered the most severe limitation of the 

detection efficiency at large distances from the axis was the curvature 

of the sphericaL fluorescence cell; at ~ larger angles: from the normal a 

higher fraction of incident light is reflected. Because of this effect 

the estimated dimension of the region of good detection efficiena,r was, 

±14 cm about the axis. 

6. Photomultiplier. 

The optical detector us~d in these experiments was a high gain 

photomultiplier having a spectral response to 8000 A (EMI 9558A, 8-20 

response). In use the tUbe was refrigerated by cold N2 gas passing over 

the cathode area of the tube; the temperature, measured by a thermistor 

located clo'se to the cathode was held to -56 .. 4° ± 4° C. No dependence of 

the quantum efficiency of the photomultiplier was observed in this tem­

perature range to a sensitivity of 1%. At the temperature of operation 

the dark current from the tube was approximately 40 count~/sec. However, 

this dark current was non-statistical; a significant fraction occurred in 

bursts of 10 or more extending over approximately 1 msec. The origin 
. ~. 64 

of such sources of noise has been discussed previously. It is believed 

that these bursts may be due to disintegrations Of~K in the tube win-

dow; they were not obs'erved in a model 9558QA. . tube, which had a quartz 

window. 

The .. hi·gh voltage power supply used was a FlUke model 408 B having 

a ripple less than 1 mv RMS and a stability ofO.02r{o per day. The 

photomultiplier was operated in the usual way with the cathode at 

negative high voltage (-1400 v) and the anode load resistor (20K) tied 
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to ground.. A copper foil shield surrounding the qynode area of the tube 

was held at cathode potential. 

7~ Spectral Calibration" 

The spectrical response of the detector (photomultiplier plus inter­

ference filters) was calibrated in order to obtain ~luorescence intensity 

spectra. In such a calibration one useS a standard light B:) urce whose 

relative spectral intensity distribution is known; from the spectral 

distribution observed with 'a given detector the relative spectral 

response of the detector may be obta ined. At a given observation wave-

length the detector observes a signal 

SA, (lamp) = fA, I(lamp) T(I'ilter) R(PMr) dA. 

where the integration is taken over the detection region, in the present 
-, 

case over the transmission region of the interference filter. If I(lamp) 

is known and is constant over the region of integration, then 

Similarly, for the fluorescence signal 

fA,I(fluor.) T(filter) R(PMr) dA. 

whence 

IA,(fluor.) = SA,(fluor.)/(TR6A.) 

= SA,(fluor.)/[SA, (l~mp)/IA,(lamp)]· 

With these assumptions the quantity [SA, (lamp)/ IA, (lamp)] may be \ 

taken as a measure of the spectral response at wavelength A" Thus a 

calibration of the detector could be made in the usual way. The lamp 
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used was a tungsten ribbon filament lamp designed for this purpose 

(General Electric Model 30A!T24/l7) powered by a photo-regulated sUPPly.65 

The brightness temperature of the filament was measured with a Leeds and 

Northrup optical pyrometer (Model No.' 8622-0) which had been calibrated 

by the LRL dc standards group. From the brightness temperature the 

thermodynamic temperature and spectral emissivity were determined from 

the data of De Vos
66 

with a program written by Gabelnick. 65 The results 

of the calibration are given in Table II. 

An examination of the assumptions concerning the constancy of 

I(lamp) and Ie-fluor.) showed that these assumptions are subject to criti-

cism for' the band pass of the interference filters used. Representative 

data illustrating this eff"ect are given in Table II~ The magnitude of 

" the uncertainty in the spectral response factors for the various filters 

resulting from this effect is probably the order of 20% in the blue 

region, less in ,the red. 

The interference filters were supplied by Baird Atomic Corp. Trans-

mission dharacteristics were, determined on a Cary 14 Spectrophotometer. 

8. Signal' ProcessingElectr6i'iics'~_" 

Under the conditions of these experiments the optical signal was of 

s~ficiently low intensity « 5xl03 counts/sec) that the photomultiplier 

signal was, observable on an oscilloscope (Tektronix Model 545; rise time 

20 nsec) as indivd..dualvoltage pulses, or shots, correspond:in g to single-

electron cathode events. Under these conditions a considerable advantage 

in signal-to-noise may be obtained by treating the signal from the photo-

64 
multiplier as digital information rather than analog. A possible tech-



Table II. Wavelength response of photomultiplier plus filters 

Filter Maximum transmission Band-Pass Relative· Intensity variation in 
number frequency cm-1 5010 10% response a . calibration lamp . . 

cm-1 cm-1 ofoLI00 cm-1 . ~L50% B. -P. 

1 23200 ± 50 458 807 1.69 5.7 26.3 
2 22170 260 477 1.,29 5.7 14.8 

3 21460 253 488 0.835 
4 20790 ± 40 238 454 (1.00) 

5 20370. 274 494 0.878 
6 19960 116 239 0.428 5.6 6.5 I 

\).I 

7 19350 183 329 0.724 \).I 
I 

8 18950 180 334 0.645 

9 17880 ± 30 . 189 339 0.549 
10 16960 164 293 0.405 5.3 8.6 

II 15850 249 452 0.323 

12 15130 ± 20 185 342 0.371 5.2 12.6 

13 14270 185 342 0.236 

14 13320 193 339 0.0633 

15 12480 177 276 0.0186 4.8 13.2-

a Relative response (quanta/em -1 sec), normalized to No.4. 
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nique, thus, would be to use the pulse signal from the photomultiplier to 

trigger a pair of reversible counters gated in quadrature by the reference 

signal (digital 10ck_in).5
4 

However, this technique suffers from the dis-

advantage of requiring a precise knowledge of the harmonic content in 

the optical excitation waveform. Third, fifth, and higher harmonics 

have different phase shifts from the fundamental, and the contribution 

from these can be taken· into account only if their magnitude is kmwn. 

Alternatively, an analqg:lock':"'in is( capable of selecting the funda-

mental frequency and rejecting higher harmonics by means" of a tuned 

amplifier in the signal channel. It was in large part for this reason 

tl:a t analog electronic circuitry was used in preference to digital. 

However, in order :to retain the advantage in signal-to-noise afforded 

by the use of digital equipment a monostable multivibrator (one-shot) 

similar to that described by Akins, Schwartz, and Moore64 was used to 

convert the pulses from the photomultiplier into uniform pulses suitable 

for subsequent analog data handling. 

The design considerations involved in using this type of circuitry 

64 
have been discussed previously. .The one shot used in the present work 

differs from that previously described in the addition of preamplification 

stages and the addition of a separate one-shot following the discriminator. 

It is capable of being triggered by a pulse of 1.0 mV lasting 0.1 ~sec. 
. ~ 

The discriminator level was set by methods discussed previously. In 

the present work. the output pulse width was ~.O ~sec; the recovery time 

was 0.5 ~sec. Thus coincidence loss was less that 1% for count rates 

up to 6 x 103 counts/sec~. The output pulse voltage was attenuated to 

approximatelyO.5V. The circuit schemat ic is given in Appendix F. 

In order to keep the circuitry fast a transistorized current 
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amplifier was located at the socket of the photomultiplier tube. The 

- -
schematic of this' amplifier is given in Appendix F. 

The output from the one-shot was f.ed directly into the signal 

channel of .the lock-in amplifier (Pr~nceton Applied Research Model, JB-5) ". 

Because of the single shot characteristic of the input signal to t~e 

lock-in it was necessary to modifY somewhat the usage of the amplifier; 

specifically it was necessary ~o operate at a low-average dc output 

voltage in order to avoid saturating ac amplifiers by high transient 

voltages. A general discussion of the problem of dynamic range in pulse 

work and the advantage of using a sharply tuned circuit is given in 

Appendix E. 

The output from the lock-in was 1) recorded directly on a poten-'­

tiometer recorder (Varian, Model G-10) and 2) used to drive a voltage 

controlled gm erator (Wavetek, Model 111) which, with a counter and 

timer, was used to integrate the output signal. 54 The t:ime was con-

trolled by a crystal oscillator and provided integration periods differ-

ing by a precise factor of 2, of approximately 25, 50, and 100 sec. At 

signal levels sufficiently high that accurate readings of the strip 

chart record could be taken the signals from the recorder and the integra-

tor were proportional to within 1%; .the specified linearity of the voltage 

controlled generator was 0.1%. 

9. Gas Handling. 

The vacuum and gas.handling system was a conventional greaseless 

metal and glass line. A 2 in. oil diffusion pump was water baffled and 

liquid nitrogen trapped; the pumping fluid was Dow Corning 704 silicone 

fluid. The section of the vacuum line used for handling and storage of 



the sample w~s largely glass; other ma~erials present were stainless steel, 

Kovar, Teflon,: and Viton A. High vacuum greaseless stopcocks (Teflon 

plugs, . O-ring seals) were used. The residual pressure prior to filling 
. '-6 

the cell was ·less than 4 x 10 torr, as measured with an ionization 

gauge (Consolidated Vacuum Corporation, Model GIC-10, uncalibrated). 

The fluorescence cell was a 33 cm diameter, 22 liter pyrex spherical 

bulb; the neck was sealed against the atmosphere with a 10 mm greaseless 

stopcock. The cell was detachable from the vacuum line and transported 

to the fluorescence apparatus; the seal to the vacuum line was made with 

an O~ring connector. The leak rate into the sealed off fluorescence 

cell was less than ~ x 10-7to.rr /h; most experiments were nade within a· 

period of 10 h after the cell was filled, but in a few cases measurements 

were continued on the next day. A cold finger was attached to the neck 

of the cell to allow for freezing out too sample. 

Pressure measurements were made· with a. capacitance pressure trans-· 

ducer (Datametrics Model 511-10, controller Model 1014). The theory of.· 

this type of instrument has been disoussed by Rony.67 According to the 

manufacturer the linearity of the present instrument was better than 
,.! 

0.1% over the range 0 to 10 Torr; in the present experiment using 

analog read out (Varian ~10. recorder) measurements were precise to 1%. 

The finite leak rate of the transducer (approximately 0.5 mtorr cm3/sec') 

through small diameter tubing to the vacuum system produced a zero offset 

in the pressure measurement (0.08 mtorr):.. Consequently, measurements 

of pressure were taken by difference. The impurity in the sample due to 

the leak rate of the transducer was estimated to be less than 0.03mtorr4·· 

this was probably the most significant source of impurity. 

Nitrogen dioxide was obtained from Matheson and had a stated purity 
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of 99.ryjo. The gas was admitted to the vaoUum. line to approximately 20 

torr and a portion was crystallized in a cold finger at _78°C., The 

residual ,gas was pumped off and the sample pumped on. The sample was 

sublimed, recrystallized and pumped on several times.. The crystals were 

at all times colorless. Following this the sample was twice distilled 

from _78° to _196°, the first and last fractions being discarded. The 
i 

purified sample was kept in the dark at -196°. Prior to filling the 

cell the sample was recrystallized within the storage bulb and again 

pumped on at -78°. The flUorescence cell was filled by admitting N02 

from the storage bulb at _78° into the cell until the desired pressure 

was attained. 

The experiments .were conducted at a temperature of 23.3° ± ~ .3°C. 

10. Procedure. 

For any set of independent variables (excitation wavelength, 

observation wavelength, and pressure) the two measured quantities were 

the intensity of in-phase and out-of-phase fluorescence. In practice, 

however, some scattered modulated light is detected by the photomultiplier; 

consequently all measurements were made as a difference between signal with 

the fluorescing gas present and signal with the gas frozen out in the 

cold finger of the cell. At 'the higher pressures,. for vridElly separated 

excitation and observation wavelengths, the scattered in-phaSe signal was 

less than one per cent of the in-phase fluorescence signal; at low pressures, 

for observation close to the excitation wavelength, the scattered in-phase 

signal was as great as ten times the in-phase flUorescence signal. 

Scattered out-of-phase signal was in all cases quite small. This scattered 

light was due to excitation light transmitted through the wings of the 
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filter band pass. Because of the lew pressures (leas than 50 m Terr)· 

ne mere than 4% .of the tetal incident radiation was abserbed in a path 

length .of 33 em, and cerrespendinglyless at the lower pressures where 

scattered light was mere impertant. Censequently it was concluded .that 

the presence .of the gas did nO; significantly affect the ameunt .of scattered 

light received by the detecter. 

Fer each .of the feur measurements usually three. te six ceunts were 

made .of the .output .of the veltage contrelled generater. The length .of 

the integratien peried and the number .of counts taken were determined. 

from estimates .of the signal-te-neise. It was desired te have:.the 

-standard deviat ien .of the signal le.ss than erie .or twe per cent. 

In .order te 'set the phase .of the leck-in detect .or te that .of the 

excitatien radiatien it was necessary te .observe a representative· sample 

.of that radiatien, suitably reduced in intensity. This Was accemplished 

by: 

1) The use of a greund glass scatter plate as discussed previeuslY. 

The entire beam was made te fall en this plate, which was placed 40 cm 

frem the aperture plate .of thephetemultiplier. Ne fecus ing was used 

between the frested plate and .the phetemultiplier. 

2) The use of neutral density filters (Oriel Optics Cerp. Type G-33) I 

in frent .of the aperture plate .of ~hephetemultiplier., The required 

density was 7 .or 8. 

When the leck-in is cerrectly phased the signal fer in-phase detectien is 

at a maximum; fer eut-ef ... phase detectien~' 'at,aminimum.. .. Measurement .of 

the phase errer IY/>, is mere sensitive in the eut-ef-phase channel because 

the error signal is linearly prepertienal te b¢. The phase errer was 

measured as ~ = 8_
90

0 / 800; the required telerance, en phase errer 



was ~per'cent.After several fluorescence measurements the phase error 

was again measured to check for any drift~ 

In order to rule out the eff,ect of~any drift in the amplitude response 

of the system (excitation intensity or instrument sensitivity) it wa,s 

desired to have a reproducible fluorescence standard~ A Corning yellow 

"sharp cut" filter (No .. 3,=,75) was found to emit, a weak f1uorescen(;e for 

excitation in the region 4000-5000 A; for a given excitation wavelength 

the fluorescence intensity was quite reproducible. Corrections resulting 

from the use of this standard were generally no greate~ than a few per 

cent. 

B~ Results 

1. Effect of Size of Fluorescence C,ell , 

,.i.,: ,In exploratory investigations it was established that the measured 

lifetime at low pressures was a function of-:thesize of the fluorescence 

cell. After the apparatus had been adapted to use wi tha 33 cm spherical 

bulb as flUorescence cell, an experiment was conducted to obtain a: quanti ... 

tative measure of this effect by comparing the res'Ults, of measurements 

, obtained with cells of different size.. Two cylindrical pyrex cells (4.6 

em and 9.6 cm inner diameter) were used in addition to the 33 cm spherical 

bulb. As with the spherical bulb, the ends of the two cylindrical cells 

were masked, fran the view of the photomultiplier so that only radiation 

from the central part of the cells was detected. The dimensions are given'. 

in Table III. 

For this experiment the excitation beam was approximately rectangu-

lar having dimensions 2.0 x 1.5 cm~ All three cells were filled to a 

pressure of 1.3 m Torr. Excitation was at 5175 A and the detection was 
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with a 2-73 filter. Each cell was ada.pted with a cold finger for freez-

ing out the sample gas; correction was ~de for scattered source light 

by subtracting: the signal obtained when the N02 was frozen out. The 

'lifetimes were computed under the assumption of a single excited state 

and are' given in, Table III. 

.",' . .' '" .'; ': 

2. Fluorescence Lifetime as a Function of Excitation Wavelength. 

In this study. the fluorescence cell was 'filled to a low pressure 

(1.3 ± ~l mtorr) and the fluorescence lifetime was measured for exci-

tation wavelengths from 3975 A to 6000 A. The excitation band-pass was 

approximately 25 A,full width at half ,maximum. The fluorescence was 

observed through a Corning 2-73 filter~or excitation wavelengths shorter 

than 5400 A, or the appropriate "sharp-cut" filter for h:l;gher exci-

tat ion wavelengths to reduce scattered light from the source. At the 

extremes of the excitation region the fluorescence was quite weak, and 

consequently the uncertainty in the measurements is increased. The 

measured lifetimes were 60-90 ~sec throughout the excitation region. 

The data ar,e given in Table :IVahd,:'Fig.:,5. Figure 5 also shows the 

results of several individual measurements for excitation in the region 

around 5175 A with an exCitation band-pass of 12 A. 

The lifetimes were computed on the assumption of a single excited 

state and were not corrected for quenching. S~ce an observed lifetime 

at finite pressure is shorter than the radiative lifetime these measure-

ments represent a lower bound to the radiative lifet ime. However at the 

pressure of these measurements quenching 'W uld not shorten the lifetime 

by more than ten or twenty per cent. 

Considerable attention was paid to the possibility that systematic 

.' 
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Table III 

.'-
Effect. of size. of .. fluorescence. cell .on.measuredlifetime 

Cell Diameter Overall length 

emcm 

33, spherical ---

Length of cell 
visible to PM[' 

cm 

Apparent lifetime 

J.,Lsec 

44 

68 

80 
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Table IV. Fluorescence lifetimes for N02 at 1.3 mtorr::' 
for excitation 3975 - 6000 A 

. Excitation wavelength. Lifetime 
A J.1sec 

3975 58 <:'±'4 

4000 55.7 ± 1.2 
4100 59.8 
4200 60.4 
4300 62.4 
4400 59.4" 
4475 63.3 
4500 63.2 ± 2.2 
4575 65.3 
4675 62.7 
4775 ' 69.0 " 
4875 71.7 
4975 72.9 
5075 73.2 
5125. 71.3 
5175 79.8 ± 2.2 
5225 74.5 ± 1.5 
5275 72.8 
5325 79.3 
5375 85.3 
5450 73.4 
5500 74.0 
5600 90 ± 3 
5700 73.6 ± 1.8 
5800 80 ± 3 
5900 70 ± 4 
6000 77 ± 4 



Table "N . (continued) 

Excitation' band-pass was approximately 25 A, f}lll width at half 

maximum. Observation was with Corning 2-73 filter for excitation wave .. 

lengths shorter than 5400 A and the appropriate "sharp cut" filter at 

higher wavelengths. Errors given are typical and repref"nt tw'O standard 

deviations of the mean as determined from the scatter of the data. 
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, -3 
Fluorescence li:f'etime of N02 gas at 1.3xlO turr pressure 
as a f'unction of excitation wavelength. Half' width of ex­
citation light was approximately 25A. Error bars are typical 
and were determined from the scatter of several experiments. 
Inset shows individual data points for the region around 5l75A, 
excited with l2A half width. Data points for the same run are 
connected; points within a run were taken in random order. 
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errors 'might be responsible forobaerved fluctuations in the measured 

lifetime. To avoid this possibility measurements of'lifetimes at dif­

ferent excitation wavelengths within a narrow region wer" made in random 

order, and the phase of the instrument was checked frequently and at 

different wavelengths~ 

In add.ition 'to' low pressure studies exploratory investigations 

were made at a higher pressure (36.0 mtorr') to extend the range of 

excitation wavelengths to wider limits. The higher pressure was neces­

sitated by the decrease in fluorescence signal in the extended region. 

At the higher pressure the lifetitms were of course shortened signficantly 

fran the radiative lifetimes by quenching processes. At 36 mtorr, it ' 

was possible to Observe fluorescence with the excitation wavelength set 

as low as 3950 A. , The fluorescence signal decreased by a factor of 

approximately 4000 between excitation at 4050 A and 3950 A. The ab­

sorption coefficient and the lamp intensity are relatively constantin 

this region. Consequently this'decrease in intensity represents a decrease 

in the quantum yield of fluorescence,~ However the observed lifetime 

(with Corning Filter 3-70) remained relatively constant (± 25%) in this 

region. These data are given in Table V. 

At high:,wavelengths it was possible to measure fluorescence life­

times for excitation as far to the red as 6800 A, (Table vI). The 

observed lifetime was relatively constant as a function of excitation 

energy for excitation extending throughout the region. 

3. Pressure Dependence of Fluorescence L'ifetime and Intensity .. 

Thes'e studies were conducted over the pressure range 0.5 to 50 m 

Torr for three excitation wavelengths, 4000,4300 and 4800 A. For each 
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Table V. 'Fluorescence li~etimes ~or'N02 at 36 mtorr; 
excited near the 'dissociation threshold 

Excitation Lifetime, Q.uantum yield, 
wavelength,! A ~ sec relative to 4050 A 

4050 14.1 ± 1 1 :,. 

4000 18.3 ± 1 .3 

3980 22 .. 8 ± 1 .04 

3970 23.2 ± 1 9xlO-
4 

3960 20.0 ± 1 5XLO-4 

3950 ,. 15.5 ± 4 ··2.5xIO-4 

Observation was with Corning 3-70 filter.· Errors in lifetimes 

are evaluated fromEq. (I-B-5).ancFhthe.scatter 6f.thedata and represent 

estimated tolerance limits.. Excitation band pass was 20 A, full width 

at half maximum. Q.uantum yields are calculated assuming constant iamp 

intensity and absorption coefficient. 
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Table VI, 

Fluorescence lifetimes forN02 at· 36 mtorr:for;.exci~a:ti6'nwavelengths'. 

4000.6800 A • 

Excitation 
Wavelength, A 

4000 

4500 

5000 

5500 

6000 

6400 

6800 

'.' 

. .•.. " . ~ -t'.. I, : 

.... Filter,­
Corning CS No. 

3 ... 70 

2 .. 73 

2 ... 73 

'. 2...63 

2 ... 58 

2...64 
" .. ~ 

7...69 

:,. , .:." 

,., 

Lifetime, 
c. J.l sec , 

l8.3±1 

l5.6±1 

l3.7±1 

9.4±1, 

l3.7±1 

11.-0±2 

12.0±4 

'.' 

, '. .. -.,-. 

,<' 

.. 

;'. . '," 

' .. 
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.set of experimental conditions (excitatipnwavelength, observation wave­

length, and pressure) the raw data from the counter were averaged and 

appropriate differences taken to correct for scattered light from the· 

empty cell. T,he quantities thus obtained, 800 and 8_
90

0 were the uncorrected 

in-phase and out-of-phase signal intensities. These intensities were 

normalized by dividing by the pressure of the absorbing gas and corrected 

for the amplitude response of the system and for the wavelength response 

of the system for the interference filter used. These corrected data 

were used to compute the intensity ratio', R-l = 800/S _900' and the inverse 

-1 /( 2.. 2 ). ( . ) Stern-Volmer intens ity, I = SOo Soo + S _900 <. See Sec~ I-C. The 

uncertainties (fractional sample standard deviations) in these quantities 

were computed from the spread in the original data from the counter. All 

of these quantities are given in Table D-I, as are the apparent lifetimes, 

-1 computed by the expression T = ill R. 

For each set of measurements with a given excitatio~ and observation 

-1 -1 wavelength the quantities I and R were graphed as a function of 

pressure and fitted by the method of least squares •. These quantities 

were selected to be fitted because of the theoretical prediction of lin­

earity for Stern-Volmer. kinetics • Any deviations'from" linea:r1tywere 

expected to be sniall and readily fitted with a small number of parameters. 

The purposes of least squares fitting were: 

1) to obtain valUes of zero pressure intercepts and hi~~ pressure 

slopes by extrapolation and to make quantitative estimates of the un':' 

certainties in these quantities and functions of these quantities. 

2) to reduce the error in the estimated values of the quantities 

I, R, 800, 8_
90

0, etc. by using all the data, and to be able to estimate 

these quantities at arbitrary values of the pressure. 



3) . to make quantitative estimates of the magnitude of deviations 

from linearity in the data. 

The fitting functions used and the criteria·.1for selecting the "be.at" 

fit to the data are given in Appendix D. 

The detailed interpretation of these data will be discussed in· 

Sec. III.- C. This interpretatie>n is based on the discussion of multi-

st'ate kinetics as developed in Appendices A and B. However, there are a 

number of immediate qualitative observations that may be made. 

The flUorescence was found not to obey Stern-Volmer ( single excited 

state) kinetics •. The measured lifetimes were different at different 

observation wavelengths. -1 -1 The quantities R and I exhibited pressure 

dependences that were different from one observation wavelength to an-

other and from one another at the same observation wavelength. Further; 

the graphs of these quantities as a function of pr~ssure were, in general, 

not linear. Consd.dered asa function of. fluorescence frequency, the 

observed lifetimes at high pressures were much shorter at high frequen~ 

cies, close to the excitation energy, than at low frequencies. The 

fluorescence spectra showed a oonsiderable shift toward lower energy 

(red shift) as the pressure was increased. These results will be dis-

cussed in more detail in the remainder of this section. 

We consider first the intensity ratio or "lifetime" data. In 

Fig. 6 are given conventional Stern-Volmer plots of such data for the 

three excitation wavelengths. The zero pressure intercepts of these 

graphs should, in the single state assumption, correspond to the fluore.s­

cence rate constants (.inverse radiative lifetimes) 0 If an observed state 

is excited both directly and by a pressure dependent cascade process, the 

zero pressure intercept should still be the fluorescence rate constant for 
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t~e initially populated state. However, as may be seen :£'rom Table VII 

there is a significant amount of variance in these zero pressure inter­

cepts . (for a given excitation wavelength). indicating that molecular states 

of considerably different lifetimes are directly populated by the excita'~'­

tion light within the band-pass of the monochromator.' Since the observa-

.tions yield an average of the detected fluorescence rates the observed 

variance sets a lbw'er.· limit to the variance in the rate constants of 

the individual quantum states. 

We now consider the pressure dependence of the lifetime data. For 

observation close to the excitation wavelength the appparent quenching 

rate constants (slopes of Stern-Volmer graphs) are steeper than when 

observation is at lower energies. If we assume that the interp:re tation . 

of Stern-Volmer kinetics is valid for the fluorescence at the highest 

observed energies, then the slopes of these graphs may be considered 

to be equivalent to quenching, rate constants. The rate -constants ob­

mined in this way for the three excitation wavelengths are given in 1 

Table 'VIII. 

From the fitted functions for observations at each frequency the 

lifetimes at various pressures were computed and plotted as a function 

of fre~uency (Fig. 7). The points were connected by means of 'Lagrang-::-, 

ian interpolation; these interpolations are given as merely suggestive 

and do not represent actual measurements. 

The 1Uetime data were also plotted according :tb .the.:inverse Stern ... 

Volmer relation (-r-l/M vs. l/M)~ Examples of such plots are given in 

Fig. 8. Such a graph allows extrapolation of the data to infinite 

pressure (11M = 0); the infinite pressure slopes of the conventional 

Stern-Volmer plots become intercepts of these inverse plots. A finite, 



Table VII. Spread in radiative lifetimes 

Excitation wavelength Radiative lifetime Spread 
A J.l sec % 

4000 58-64 10 

4300 62-76 20 

4800 60.80 30 

Lifetimes were obtained from extrapolation of Stern-Volmer curves 

to zero pressure. Values given indicate extremes measured at different 

fluore scence '. wavelengths. 
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Table VIII.. Apparent quenching rate constants f'or f'luorescence 
at energy close to energy of' excitation 

Energy of excitation 
A· em-1 

Energy of obser-
vation cm-1 

. k (apparent) 

cm31molec~le sec 

4000 25000 23200 ~i .0 1.92><10 
-11 

4300 23260 22170 1. 26XlO-11 

4800 20830 19960 1.60XlO-11 

p 

0.84 

0.55 

0.70 

Quenching rate constants w·ere computed f'romslopes of Stern-Volmer 

lif'etime graphs~ P is flquenchingfl probability per gas kinetic collision, 

computed using molecular diameter from Ref'. 86~ 
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non-zero intercept in such a plot indicates that there is a first order 

dependence of the inverse lifetime upon pressure at the high pressure 

ilimit; this, was found to be the case in all instances. 'Thehtgh pres .. 

sure slopes (kq apparent) were computed from the fitted functions and 

are given in TableD':'~. From the :inverse of these slopes the infinite 

pressure limit of 't"M is obtained. Spectra of these limiting lifetimes 

are given in Fig. 7. 

The :inverse :intensity data were graphed according to the Stern-Volmer 

theory in the same way as the inverse lifetime data.. Since intensity data 

are relative, these graphs were necessarily normalized, and it was chosen 

to normalize the zero intercepts to unity. The intensity data exhibited 

finite intercepts in both the conventional and inverse Stern-Volmer plots, 

indicating that the quenching at high pressures was first order in total 

pressure) (Figs. 9,: 10)~" 

As with the lifetime data the :intensities from the fitted functions 

were graphed as a function of wavelength, (Fig. 11); In these graphs 

(for the first time in the presentation of the data) the relative response 

factors of the detector for the various interference filters ta ve been ,~ 

employed; consequently any error in the determination of these response 

factors. (Sec. II-A-7) wili enter into the intensity spectra. Such error 

will appear as the systematic raising or lowering (by a fixed amount) of 

the intensity at one observation f'requency relative to that at another. 

Again, from the high pressure slopes of the data it was possible to cal­

culate infinite pressure limits to the intensity spectra. These data are 

given in Fig •. , ll~ . 

It should be pointed out here that the fluorescence spectra extended 

in all cases beyond the limit of observation (7000 to 8000 A). This was 
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true for· the resonance fluorescence (zero pressure) spectra as well as 

those at higher pressures, indicating that a broad spectrum is a property 

of molecules w·ithin a localized energy region and not merely the conse­

quence of a broad distribution function of molecular energies. 

The change in the shape of the fluorescence spectra indicates a 

changing distribution function of the excited molecules. The fact that 

fluorescence at high energies is more strongly quenched than.at lowener­

gies is suggestive of energy transfer processes that remove energy step­

w·ise ,from the excited mOlecules rather than deactivation of the excited 

molecules in a single step. This interpretation is strengthened by 

the observation of fluorescence enhancement at long wavelengths for the 

case of excitation at 4800 A (Fig. 9c). In this figure enhancement is 

evidenced by a negative slope in the stern-Volmer plot at low· pressures. 

States fluorescing at the observation wavelength are collisionally popu­

lated (as pressure is increased)·before overall quenching becomes dominant .. 
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III. DISCUSSION· 

A. Effect of Molecular Migrations on Lifetime Measurements 

The low pressure lifetimes in the present experiment (55-90 ~sec) 

are significantly longer than have be,en reported previously by Neuberger 

18 20 
and Duncan and by Douglas, (44 lJ.:sec). 'While the technique of measurement 

is different in the present experiment (phase shift) from that previously 

used (flash decay), it is concluded that the longer lifetimes measured 

are due to the use of a flUorescence cell of sufficiently large diameter 

that the measured lifetime is not governed by wall collisions, or by colli-

sion free migration of excited molecules outside the region of observa­

tion. This conclusion is based on the following considerations: 

1) A calculation of the effect of molecular migration with 

assumed quenching on wall collision (Appendix C) led to the prediction 

of considerably shorter apparent lifetimes when the radius of the fluores-

cence cell is less than 5 or 6 times the product r = V ~. where v is the p p 

most probable molecular velocity. For N02 at 295°K, assuming a value for 

the lifetime of 80 ~sec, the distance r is 2.7 cm. The radius of ob-

servation used in the present experiment was 14 cm or·5r. Thus the error 

in the lifetime from molecules leaving the region of observation would be 

no more than a few' percent. The previous investigators did not state 

the dimensions of their fluorescence geometry, so that a direct evaluation 

from Fig. C-l of possible shortening of their measured lifetimes is not 

possible. 

2) . The measured lifetimes showed a significant (50%) dependence upon 

the excitation wavelength. While the existence of such a dependence does 

not demonstrate that the dimensions of the observation region have been 



( 

extended sufficiently, it does suggest that the measured lifetimes are at 

least approaching the true values~ 

3) The measurements, of fluorescence lifetimes made with cells' of 

smaller dimensiollB were significantly reduced from the lifetimes with 

the 33 cm cell and were consistent with the predictions of Fig. C-l. This 

may be taken as direct evidence of the effect of molecular migration of 

the order of 5 em, and of quenching upon collisions of excited molecules 

with the walls of the cell. 

With respect to the existing values of the lifetimes of 802 fluor­

escence it was felt that molecular migration might be responsible for 

errors in these values as well. 
, 68. 

Greenough and Duncan have reported a 
. . ... 

value of 44 ~sec for the lifetime of the X1Bl state of 802 excited in the 
) , 

wavelength region 2700-3100 A. The radius of the fluorescence cell in 

these experiments was p = 3.8 cm; the dimensions of the excitation beam 

and of the region of observation are not explicitly stated. Assuming that 

the lifetime of S02 is in fact 44~sec,then Rip ::0 3; the resulting error 

in the lifetime would be at least 15%. 
20 Douglas has reported a measure-' 

ment of the S02 lifetime which is 50'/0 greater than that of Greenough 

and Duncan and has indicated the existence of some dependence on the 

excitation wavelength. Again, the dimensions of the fluorescence geometry 

69 ' 
are not given. Mettee has inferred from measurements of quenching of 

S02 fluorescence that the lifetime may change by an order of magnitude 

as excitation increases from 2650 to 3i30 A. The lifetime of 802 

fluorescence should certainly be remeasured under conditions in which 

the observation region is sufficiently large that the lifetime is not 

governed by molecular migration. 
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B. Fluorescence Lifetime of N02 . 

The present experiments yielded values for radiative lifetimes 

of 55 to 90 J.Lsec for excitation in the region 3975 to 6000 A and 'ind'icated 

that the lifetime continues to be long to the low energy limit of excita-

tion energies used, 6800 A, and that there ds' a definite trend in the 

lifetime as a function of excitation energy (longer lifetimes at lower 

excitation energies). (Figure 5, Table IV). The observations were at 

variance from the predictions of molecular radiation theory as developed 

in Sec. I-A in several,waysr 

1) The absolute magnitudes of the fluorescent lifetimes were 

greater than predicted from the absorption and emission spectra by a 

factor of 3 to 40, depending on the choice of the average emission 

frequency rv3)F_C; because of considerations which are developed in Sec • 

. G, the latter value is thought to be a fair ~st1mate of the factor by 

which the lifetimes are anomalously long. 

2) The ratio in observed lifetimes at the extremes of excitation 

energies used (4000 to 6000 A) was only 1.6, whereas, other things being 

equal, the energy difference would lead to a prediction of the order 

of (6000/4000)3 ~ 3.4. 

3) Distinct fluctuations "Ifere observed in the, radiative lifetimes 

as a function of excitation energy and also for the narrow spread in 

excitation energy in the monochromator ~and pass (60 cm-l full width 

at half maximum), 

For these reasons ,we must consider the radiation relation for mole-

cular transitions CEq. I .. A-13· ") inadequate to predict the radiative 

lifetime· and the assumptions upon which it w'as derived inadequate to 
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describe the molecular dynamics of the excited stat~ of N02" Such a 

20 conclusion has previously been reached by Douglas. The inadequacies 

of the relation may be considered in terms of the assumptions that 

w'ere made in the derivation (Sec. I-A) t 

1) The Born-Oppenheimer (B-O) approximation. 

2) The invariance of transition moment. 

Assumption 2) has been the subject of co~isiderabl~ investigation 

in diatomic molecule spectroscopy. Nicholls and co-workers have inter-

preted the transition moment as a slowly varying function of the centro:hd,;"~ 

(7/1. t I rl 'If. ~;) of the vibronic levels. As a consequence of the variance 
v v 

of the transition moment the lifetime is somewhat dependent upon the 

level of ~he upper state, aside from the frequency-cubed factor. ·A 

review of the r-centroid approach has been given by Nicholls and 

. 70 
Stewart. 

The same type of approach could in prinoiple be extended to poly~ 

atomic molecules, but the approach until the present time has been 

entirely qualitative" On" the basis of correlation diagrams betw'een bent 
. 41 . 

(90°) and linear configurations of AB2 molecules Walsh has predicted' 

the energy dependence on bending angle for triatomic molecular orbitals; 

see also Ref. 46b. In such a molecular orbital picture N02 may be con­

sidered as a CO2 "nucleus" plus one additional electron. This additional 

electron'is in a (al -7ru ) m"o. which falls sharply in energy as a function 

of bending angle. The low' lying electronic transition in N02 corresponds 

to the promotion of this electron to t.he (bl -7fu ) m.o. whose energy is 

much less strongly a function of bending angle; consequently the molecule 

is expected to be in a linear,or more, linear, configuration in the upper 
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state" and this expectation is confirmed by the analysis of the absorption 

42 
spectrum. Thus a decrease in the transition moment with the bending 

coordinate will decrease the radiative rate constant. This possibility 
. 71 . 

has been suggested by Mulliken to account for the long fluorescence 

lifetime of N02e If such a mechanism were responsible for the long 

lifetime J however" the lifetime w'ou1d be expected to decrease rather strongly 

with increasing .vibrationa1 quantum: number .inthe<bendingcoordinate, .and 

correspondingly with the energy of the upper state. Since the observed 

lifetimes were more constant as a function of excitation energy than 

expected, this mechanism does not\Jappear to be the reason for the 

increased radiative lifetime. 

. .26-28 
Jortner and coworkers have recently considered the validity 

of the Born ... Oppenheimer approximation in molecular transitionse If 

there exist perturbations betwee~ the upper electronic state and any 

other electronic state having an appreciable level density in the ab-

sorption region then the B-O wave functions will not adequately describe 

the upper state. Rather the true molecular w'ave functions mu'st be 

written as a superposition of B-O w'ave functions" which may be used as 

a basis set z 

The tran'sition moment to the ground state" which in the B-O approximation 

would belong to a single excited vibronic state is" under these conditions" 

spread out among a' number of true vibronic Btates. The total transition 

moment, as measured by the absorption coefficient integrated over the 

electronic transition" is conserved; however, the transit.1on moment to 



the ground state from agivetlAruevibronic,:level,. which determines ,the 
, . 2 

radiative lifetime, is reduced by the factor I ('1f!Bo l '1f!true) I . If the 

perturbation is small, this factor w'ill be RSl.. The magnitude of such 

a factor is, lacking an exact solution of the molecular Hamiltonian, 

estimated by the density of the true inolecular levels' and the magnitude 

of the coupling matrix element. Such estimations have been discussed by 

Jortner and Berry.27 

In the case of N02 there exists a strong perturbation of the upper 

vibronic levels by Renner effect coupling with the excited vibrational 

lt2 levels of the ground electronic state. ' The Renner effect is due to 

the interaction 'of the angular momentum of the bending vibration with 

the electronic angular moment~ As a consequence of this interaction 

2 2 the two electronic states Al and B
l

, which ,are non~degenerate in the 

bent configuration but which correlate with the degenerate 2n states 
u 

in the linear configuration; are coupled with each other. A given 

vibronic level may thus, not be assigned uniquely: to either of the two 

BornNOppenheimer potential energy surfaces corresponding to the two 

states. This subject is discussed in detail in Ref. 46c. 

In the upper vibronic levels of the Bl .... ~ transition of N02 the, 

magnitude of the perturbation is Buch that, aside from a few'simple sub-

bands for which the perturbation is forbidden, no regularity of any kind 

has been observed. The perturbatiori is very sensitive to isotopic sub-

stitution, so that aside from the few' bands that w'ere analyzed, the 

spectrum of l5N02 could not be correlated w'ith that of l4N02 * 'The bands 

that were analyzed accounted for some of the strongest individual lines 

in the spectrum, but for only a very small fraction of the total number 
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of lines in the spectrum. and. for . only a sm:a.ll fraction of the total 

absorption. These. analyzed linea allterminate( in Ka = 0 sub levels 

of the upper electronic state for which there is. no Renner effect inter-. 
. .' 42 46c 

action with levels of the ground state. 'From this qualitative 

consideration of the magnitude of the perturbation 1nN02 , it appears 

that the mechanism which has been outlined will be very important in 

increasing the lifetime of the excited state; 

A consequence of the above discussion is that lifetimes from lev.el 

to level might vary significantly since the magnitude of the coupling 

to the ground state would not be expected to be constant.. In particular, 

the unperturbed levels might be expected to eXhibit significantly shorter 

lifetimes in an experiment in which only such levels are excited. In an 

experiment such as the ,present one such short lived ,states would con-

tribute to the total fluorescent intensity only in proportion to their 

absorption, and would not be detected in the presence of a much greater 

signal from states ha~ng a long lifetime. If such short lived states 

contributed significantly to the total signal intensity, their presence 

w'ould lead to Stern ... Volmer plots whose (positive) slope decreased with 

pressure; no such behavior was observed. 

Related to the theory of intra~molecular lengthening of lifetimes 

that has been outlined is an inter-molecular process that has been 

proposed by Jortner and Berry.27 The dense manifold of states which 

are not optically connected to the ground state is collisionally populated 

at finite pressures and the apparent l:J,.fet1me of fluorescence is conse-

quently lengthenedo Jortner and/Berry do not 'indicate the magnitudes 

of collision cross-sections that might be expected for thi~ type of 
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process. However, such a mechanism would imply that, at sufficiently 

low pressures, the fluorescence lifetime would be short. . Similarly, 

RObinson25 has proposed that measurements of"benzenefluorescence72 .· 

may not have been performed at sufficiently low' pressures to observe 

resonance fluorescence. This question is, of course, open to further 

experimentation either at lower pressures or in collision free molecular 

beams. Ho'Wever, 'W'e should like to point out that the present measurements 

were performed at pressures such that the average molecule at the assumed 

long lifetime suffered as fe'W' as 0.2 gas kinetic collisions; if the "reso­

nant" lifetime 'Were significantly shorter than 60 Jlsec, the number of 

collisions of the average molecule would be correspondingly reduced. 

. -1-1 
In no case, for either I or R data,~:was there any indication of 

a discontinuity in the pressure dependence of the data which would 

cause us to question the extrapolation to the limit of zero pressure. 

c. Energy Transfer in Excited N02 

In this section 'W'e w"ish to analyze the results of the pressure 

dependent studies in terms of an energy transfer mechanism. The model 

chosen is a multi-step, constant energy per step, model as previously 
'. . ill 
proposed by Rahinovitch and coworkers (step-ladder model);. the step 

size is not fixed, but is to be determined from the analysis~ . Accord-

ing to this highly simplified model we may index the states of ~he 

molecule 1 •••• n, where 1 is the index of the initially populated 

state. The energy of state n is given by 

(1) 
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"-
where ec (the efficiency) is the energy transferred per effective 

collision. 

We now w'ish to relate this model to the e~pressions which are 

developed for high pressure limits in Appendix B. In Appendix B the 

high pressure limit for the ratio of in-phase to out-of-phase components 

. of the population is shown (under conditions of series-parallel population 

of state k) to approach the limit 

-1 
;::(l) 

where 

and 

'(k /k )k = ~a + ~ k
i
' ~ 

a q kqk i a kqi 

, 'i 

( 
1 + 1 + 1 ) 

kqj ' kqi kqk 

In these expressions 

, kia is the absorption coefficient into state i, and 

kij is the energy transfer into state i from state j, a 

subset of 

kqj , the total rate constant for depopulation of state j. 

(2) 

(4) 

The summations are taken over all intermediate states populating the 
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(observed):!state k. Combining these expressions w'e may write 

If we now make the assumption that the quenching rate constants are equal 

(k i ;., k j = ••• = kqk), then 
q ,q , 

~ 'k ~i ~ +2~k --.!.+3~ k :.ht + • 
(k /k }k a i iak., ji ja k j k,qi . '. 

a q 
= g~ " 9 r (6) 

(ka\/kqk ~a+ Z ki ~i+ Zk kij ~~ + ' • • • i a kqi 
ji ja kqj kqi 

The expression on the right hand side of (6) (which has a lower limit of unit 

may be, interpreted as an average (n) of the number of states leading to 

the observed state k, where the avera~ is taken over paths populating 

the state k. Hence for the observed high pressure quenching rate 

constant we have 

'k ' 
= qk 

(n) 

the apparent quenching rate constant is decreased (h) fold from the 

microscopic quenching rate constant. Or, for an observed state having 

* a high pressure limiting slope kqk and a microscopic quenching rate con-

stant kqk then the average number of states is given by 

(8) 



If the spectroscopy is not resolved, then the limiting slope may. 
. \ 

only be considered to be a qualitative measure of the number of 

sequentially populated states prior to the emission of light at the 

observation w·avelength. 

Returning now' to the discussion of the step-ladder model, we see 

that the quantity (n) which is obtained from the analysis of the high 

pressure inverse lifetime data may be identified with the index n of the 

step ... ladder model" Hence w'e may write 

where the use of the symbol kt implies that all removal of excited mole­

cules takes place through the mechanism of energy transfer. In (9) we . 

have used ~e, which is defined as the energy difference betw'een the ini-

tial and final states, 

(10) . 

* ,Hence in the assumptions of the model a graph of l/kqk vs ~e should be 

-1 ( c )-1 linear with intercept kt and slope kt G c • From such a graph it 

should be possible to obtain both the product of the energy transfer rate 

constant times the energy transfer per collision, and the magnitude of 

the energy transfer rate constant. 

In terms of the present experiment there is one additional con-

sideration that must be made, namely that the spectroscopic observation 

is neither resolved nor assigned to states of known energies and that the 

resonance spectrum of all vibrational levels is quite broad~ Cormequently 
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) 

there is not a direct relation between the fluorescence energy (cm·l ) 

and the energy of the molecules • 

. As an approach to this problem we may write down the average energy 

(~)v of all molecules contributing to the fluorescence at the observation 

-energy v: 

~ Ek k~ <lkV' £k 

~ Ek kfk <lkV' 
(11) 

This average is taken over molecules that fluoresce per unit time ~nd is 

weighted by the relativecontributiona of the various levels to the 

fluorescence at the observation energy. If w'e now' consider fluorescence 

ata second observation energy, then w€'may relate the average molecular 

energies to the average fluorescence energies by 

(G: )_ - (e )_; = (V' - VI) U 
k v k v 

(12) 

where 

UE 
(£ )-- (~ )-k v k VI 

V' - VI 

is a measure of the error in the direct relation 

~e . =~~ . 
molecules fluorescence '(14) 

Thus if U '= 1, (14) is valid. The exact value of U is of course impossible 

to evaluate in the present experiment, but it is possible, with rather 

plausible assumptions, to estimate the magnitude of this quantity and 

to set stringent limits on the estimated value. 

The assumption upon which we shall rely is that the resonance 
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fluorescence spectra of the various energy levels participating in the 

fluorescence are broad and flat throughout the region of observation. . . 

This assumption is justified in a rough way by an examination of the zero 

pressure fluorescence intensity spectra (Fig. 11), for excitation at 

.. 1 
energies of 21000 to 25000 cm • Under the assumption of a flat 

fluorescence spectrum the value of U may be computed for an assumed dis-

tribution function of molecular populationsJ y. For observation at energy 

v the average molecular energy is given by 

(15) 

and similarly for ~k)v'. Hence 

. - (16) 

j
v 

._ ydv 
VI 

and U may be evaluated either algebraically or graphically. However, the. 

point of the present a~alysis is only to show that the value of U approaches 

unity and is quite insensitive to the distribution y. 

For a simple model in which y is taken as proportional to some power, 

p, of the difference between excitation energy and molecular energy, 

y( v) 0:: (v - v)p 1 then the value obtained for U is 
e 

. n+l 
U = E..:..:::. . p+2 
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In Fig. 1.2 are given distribution functions for p = 0, 1/2, 1, 2, and 4. 

The values obtained for U are respectively 0.5, 0.6, O~67, 0.75, and 0.83. 

The flat distribution A(p=O) assumes that relaxation has populated all 

energy levels equally; for higher values of p the relaxation has preferen-

tially populated the 10"W°er energy states. As this relaxation becomes more 

and more complete, U approaches more closely the value of unity. With 

reference to the present experiment, "Woe observe in Fig. 11 that there is a 

shift in the spectral distribution of the intensity taking place at higher 

pressures. This shift corresponds to a pressure dependent relaxation 

process "Which is takd.ng place; from the fact that the 1ntensUybecomes 

greater at the 10"W°er fluorescence energies we may infer that the relaxa-

tion preferentially populates the 10"W°er energy states. Thus, interpret-

ing the experimentai results in terms of this simple model "We may conclude 

that p probably has the value of ~ 1, although it is not possible to state 

the value of p with precision. 

Also given in Fig. 1'2 is an exponential distribution for an assumed 

-1 value of kT = 200 cm • This distribution corresponds to total re~axation 

to the translational temperature, neglecting the effects of degeneracy on 

the density of states. For such an exponential distribution, given by 
-

y ex: e -av, the average energy (~k)v = (v + l/a) for obse!/rvations such that 

-v 
e v » l/a. Hence, in this limit 

(e )- - (~ )-; = v - v' k v -k v 

that is, U &: 1, and Eq" (14) is valid. Examination of ithe high pre~sure 

limits of the fluorescence spectra indicates that th~s limit is not reached 

the spectral distributions are not so steep as required by this model. 
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How'ever, as indicated earlier, the value of U is quite insensitive to the' 

choice of model, and to the steepness of the distribution function. Con­

sequently, '·re feel that it is reasonable to accept Eq. (14) as valid . , 

(U = 1), but to admit to a possible lower limit of 0.7 to the value of U. 

Wi th the foregoing assumptions we consider Fig. '13 which show's graphs 

of l/k* vs (& - C ) for the three excitation energies. qk excite fluorescence 

In all thre'e cases the data appear to be satisfactorUy fitted by a, 

straight line as predicted by Eqo (9). The energy transfer rate constants 

and efficiencies computed from the least squares linear fits through the 

three sets of data points are given in Table IX. For excitation at 4300 

and 4800A'the apparent, energy transfer rate constants (col. 2) and 

efficiencies (col. 4)· computed from the intercepts of Fig. 13 are quite 

close to each other and to the gas kinetic collision rate constant",. For. 

excitation at 4000:A the rate constant is significantly larger than gas 

kinetic and the apparent efficiency is correspondingly reduced. We are 

somewhat hesitant to extrapolate the 4000 A data to l:,.~;" 0, and the rate 

constant obtained- in this w'ay shows a rather large error. However, a 

qualitative interpretation of a larger total quenching rate constant for 

excitation near the dissociation limit ~ight be given through the mechanism 

of dissociative quenching. For molecules that have suffered one non-

dissociative, energy-transferring collision the effective energy transfer 

cross sec'tion w'ould not be expected to be anomalously large; when ~ is c 

computed using the gas kinetic cross section a value is obtained which 

is closer to the values obtained in the same way fpr eX('~.tation at the 

two low'er energies (col. 5). For this reason we are inclined to conclude 

that the magnitude of k
t 

is approximately gas kinetic in all three cases, 
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graphs areplotteq. as a function of the energy difference between 
exc'itation and observation. Linear least squares fits to the data 
are also given. Arrow on ordinate indicates the inverse of the 
gas kinetic rate constant. 

Open squares, A: Excitation at 4000 A or 25000 cm-l • 

Closed circles, B: Excitation at 4300 A or 23260 cm-l • 

Closed squares, Cz Excitation at 4800 A or 20830 cm-l • 
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Table IX. Energy transfer rate constants, probabilities per gas 
kinetic collision, and efficiencies, as computed 
from high pressure data 

Excitation kt (lle. ::0) &. (b) E Cc) 
p(a) 

c c 
'Wavelength cm3jmolec sec -1 -1 A em em 

4000 (6.5 ± 2.7(d))X10-10 2.9 ± 1.2 740 ± 340 2120 ±·85 

4300 (2.02 ± 0.57) X10·10 0.89 ± .22 2550 ± 900 2270 ± 260 

4800 ) -10 (2.08 ± 0.33 xlO 0.91 ± .14 2400± 600 2150 ± 190. 

a Probabilities are com~uted· from rate constant for gas kinetic 
collisiops, 2.28xlO-l cm3/molec sec, derived from collision diameter 
3.73XlO-b cm (Ref. 86). 

b computed from k
t 

(ll·C::o) (column 2) 

c Computed per gas kinetic collision 

d Errors represent two standard deviations· 
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and that the energy transfer pel' collision is approximately 2300 cm-l " .. 

At this point we wish to review the assumptions that have gone into 

the estimation of the efficiency pel' collision. 

1) In the derivation of the 'expression for kqk (Appendix B) we 

specifically neglected the possibility of ''back",up'' transitions. The 

occurrence of such transitions to any large degree would have the effect 

of reducing the apparent kqk at small !:J.~, i.e., increasing the slope in 

Fig. 13, and decreasing the apparent efficiency_ In view of the direction 
) 

of this errol' and the magnitUde of the energy pel' step c.mpared to thermal 

energy kT, the neglect of ''back-up'' transitions seems justified .. 

2) In the interpretation of k k/k*k as a measure of(n) the number qq. . 

of states leading to state k, we specifically assumed that all microscopic 

quenching constants were identical. Any major trend in the relative 

magnitude of kqk as a function ?f energy will distort this interpretation. 

However, as noted above, the results at 4300 and 4800 A seem to indicate 

an approximate constancy of kqk-

3) We have assumed a step-ladder model for energy transfer; as . 

shown by Rabinovitch et aL • .,lO the assumption of Jrore realistic statis-
, 

tical models of energy transfer may change the interpretation of effi" 

.ciencies in chemical activation studies by a factor of approximately two. 

The corresponding analysis for fluorescence kinetics has not been carried 

out. 

4) The assumption was made that!:J.C 1 ul . =!:J. ffl • mo ec es uorescence The 

experimental data are a measure of !:J.efluorescence- If,for some reason, 

the fluorescence spectra of energy transfer states are red shifted by 

amounts much greater than the energy difference of the collision, then 
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this effect will contribute to the apparent energy transfer efficiency. 

Such a phenomenon might be expected if the originally populated states 

were ·qualitatively different from the energy transfer states(as in the 

case of collision induced internal conversion~. However, for the reasons 

given in Sec. B, this possibility is considered. unlikely. Further, the 

slope of l/k=k is constant over a range that corresponds to ~<n) as high 

as 4 (excitati~n at 4000 A). This linearity would require an interpre-

tat ion in which successively populated states had additional amounts of 

intra-molecuJ.ar .red shifting. As a part of this assumption the population 

distributions w·ere assumed to be strongly weighted toward the lower ener-

gies. If this effect w·ere not so grea.t as assumed, the true values of 

the efficiency might be as much as 30%· less than those we have calcUlated. 

The ultimate resolution of this question will have to aw·ait experiments 

in which the spectroscopy is re~olved and analyzed. 

No attempt w·as made to. interpret the energy transfer data in terms 

of specific quantum transitions in the upper state, since knowledge of 

the spectroscopic constants is not sufficiently refined to allow this. 

The magnitudes of the vibrational quanta of the urper state are hot 

112 known, with the exception of v2• Douglas and Huber have assigned 

880 cm-l to this frequency if the upper state is bent in the equilibrium 

conformation; if the upper state is linear this frequency corresponds to 

The origin of the electronic transition has been placed betw·een 

-1 the limits 11509-15500 cm from the magnitude of the isotope shift of 
. ~ 

the absorption spectrum. If we take these limits and w·e assume that 

the vibrational and electronic energies are separable, then the vibrational 
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energies are 9500 to 13500 cm-l for excitation at 4000 A, and 5300 to 

9300 cm-l for excitation at 4800 A; the vibrational energy transferred per 

collision is thus a very significant fraction of the total. vibrational 

energy. However, in view of the mixing of electronic states which results 

from the vibrational motion, it may be more appropriate to consider the 

effective vibrational energy to be considerably greater than these esti-

mates, approaching the total excitation above the low'est vibrational level 

of the ground state (21000 to 25000 cm-l ),. With this interpretation the 

energy transferred per collis ion would be the order of ten percent of the 

total vibrational energy of the molecule. 

D. Comparison w'ith other Studies of Inter .. Molecular Energy Transfer 

The present data on energy transfer fit into a developing picture 

that energy rich molecules are collisionally deactivated by heat bath 

molecules with large cross ... sect~ons and/or high efficiencies (energy pe~ 

collision) as compared to the low effective cross-sections in diatomic and 

small polyatomic molecules in low vibrational levels of the ground 

state. 7,8,11,15 These results are consistent w'ith the strong collision 

assumptions of theories of unimolecular reactions,73 but are in contra ... 

diction to the predictions of Mahan,74 based on an extrapolation of energy' 

transfer theories developed for low energy vibrational transitions, that 

such cross-sections and energies should be quite small (deactivation 

probabilities t~e order of 0 .. 1 and energies per collision the order of 

, -1) 10 cm • In this discussion w·e shall consider the results of energy 

transfer stUdies on highly excited molecules and review briefly the methods 

used in these investigations. Of most significance here are fluorescence 

studies and chemical activation studies. 



There are no other direct measurements of v.ibrational energy transfer 

in highly excited tri~atomic molecules with which to compare the results 

of the present work. Ina dc study of S02 :nu~rescence Mettee69 has ,ob­

served vibrational relaxation in the A lBl state but data w'ere not avail"i~ 

able for the quantitative evaluation of energy transfer rate constants; 

the relaxation appeared to take place with high probability' similarly to 

the present observations on N02 • 

A prototype fluorescence study of energy transfer in a diatomic 
, l4a 

molecule is that of Steinfeld and Klemperer on 12 excited to the v' 25 

level of the B3rrou+ state. This study was not time resolved; time normali­

zation was obtained from independent' lifetime measurements. 75 Because 

the observation was spectrally resolved it w'as possible to obtain relative 

rate constants into specific transfer states for both rotational and 

vibrational energy transfer. The probabilities obtained for single quantum 

vibrational energy transfer with various collision partners (0.1 to 0.6 

per collision) w'ere much greater than probabilities for such energy tran,s .. 

fer in low levels of ground state 12" 76 , Probabilities per collision for 

two quantum transitions were also. relatively large, approximately one-

fifth as great as for single quantum transitions. 

Eldsting theories of energy transfer were found to be inadequat~ when 

applied to the calculation, of the vibrational-translational energy transfer 

probabilit,ies for collisions of the highly excited 12 molecules w'ith 

l4b 
rare gas molecules. Since the collision probabilities were large, 

simple perturbation theory broke dow'n and led to over-estimation and non-

conservation of these probabilities. On the other hand, quantum mechanical 

calculations, based on the method of Schwartz, Slaw'sky, and Herzfeld,7 
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te.nded to underestimate the. collisional probabilities, and also failed 

to reproduce the observed dependence on the reduced mass of the collision 

pair. 

With respect to polyatomic molecules, a very important series of 

investigations in the experimental verification of highly efficient 

collisional energy transfer was that of Neporent77 and of Boudart and 

Dubois78. on the fluorescence stabilization of ~-napthylamine. These 

studies were also not time resolved; the first order, pressure independent 

lifetime upon which the calculations of efficiencies were based was the. 

rate constant for internal conversion to a non-fluorescent state. It was 

possible to obtain relative values for this rate constant, which is a 

strong function of the vibrational energy of the molecule, from the 

temperature dependence of the paramagnetic quenching of the fluorescence. 

by °2_. The absolute magnitude of the internal conversion rate constant 

was fixed by the assumption of unit efficiency for gas kinetic collisions 

in the oxygen quenching. 

Energy transfer determinations w·ere made for several M gas identities. 

The relative amounts of energy transfer per gas kinetic collision were 

determined experimentally from the slope of a stern;"Volmer like plot. 

This slope was a function of the energy transfer since the internal 

conversion rate constant was a strong fUnction of the vibrational energy_ 

From the 'analysis of Neporent t s and their own data, Boudart and Dubois 

-1 ( found values for energy transfer per collision ranging from 70 cm H2' 
He) to 1690 cm-l (n-C5~4) for vibrational energy of the excited molecule 

-1 . 
equal to :10200 cm • The energy transfer per collision increased as the 

energy of vibration increased but decreased as the temperature was increased. 



The results of these and other large-molecule studies have been reviewed 

by Stevens. 17 

79 80 . . 
Schlag and coworkers ' have recently given preliminary reports 

of direct measurements by the phase-shift technique of energy transfer 

studies from !3-napthylamine fluorescence with propane and propene as 

collision partners. The total cross sections for removal of vibrational 

energy were 0.04 to 0.13 times gas kinetic. The amount of energy transfer 

per collision was not reported. 

81 Stockburger has obtained results on energy transfer in naphthalene 

that are qualitatively different from those of Boudart and Dubois. 

Naphthalene was excited toa high vibrational level (- 8000 cm-l ) in an 

excited electronic state which exhibited collisionally induced vibrational 

deactivation but apparently did 'not suffer electronic quenching. From the 

degree of population in the ground vibrational level as a function of M 

gas pre.ssure it w'as possible to calculate the energy transfer efficiency 

per gas kinetic collision using lifetime value,s for nuorescence determined 

i d d tl Th 1 bt i d d from 6 cm-l (He) to 220 cm-l n epen en y. e va ues 0 a ne range 

We now consider the results of some chemical activation studies. 

Rab.inovitch and coworkers 10 have studied several such systems to obtain 

data on energy transfer from the pressure dependence of the relative 

rates of competing chemical reactions. Typically the first order rate 

constant to which the rates of collisional processes are compared is 

the decomposition of the activated species. The efficiency of collisions 

in deactivating this species so that the first order process does not 

occur is obtained by a Stern-Volmer like analysis of the relative yield.s 
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of the tw'o reactions. 

A prototype study is that of sec-butyl-dl radical excited by the 
, 82 

addition of D atom to cis-butene-2. The first order decomposition rate 

was estimated by the method of direct counting of the density of vibrational 

levels. 83 The data were analyzed in a manner that is equivalent to 

examination of Stern ... Volmer data for curvature.. The analysis allows an 

estimation of the number of collisions responsible for deactivating the 

, molecule. From the absence of curvature it was shown that the parent 

molecule is capable of removing 8-12 kcal (2800 .. 4200 cm-l ) in a single 

collision. In other studies based upon an analysis of the curvature in :r 

"quenching" graphs it was possible to set limits on the energy transfer 

per collision ~c(efficiencies) and upon the cross, sections of the colli ... 

sion (probabilities).. The exact values of e; were dependent on the model c 

used for the analysis, but model.:..to-model the differences were within a 

factor of two .. 1 For sec-butyl radicals (E = 14000 cm- ) rare gases and 

diatomic molecules exhibited e:. :f:rom 900 to 1200 cm-l
g polyatomic 

c 
-1 molecules were capable of removing at least 3000 cm per collision. 

Similar studies with excited cyclopropane (E = 35000 cm-l ) showed ~ c 
"(' ) 4 -1 ( ) 84 values ranging from 2000 He, Ne, Ar to 000 cm C2H4 • In general 

in these studies the data indicated a cross-section of the order of 

gas kinetic, but occasionally a low'er value w'as indicated. 
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E. Considerations Concerning the Dependence.of Energy Transfer 
Rates on the Identity of the Collision Partner 

In the various stu~ieB of energy transfer from polyatomic molecules 

the results have tended to show that the efficiency e (energy transfer c 

per collision) where measured, or the product of efficiency times the 

probability of deactivation per collision increases with increasing 

complexity of collision partner M. (See preceding section.) If M is 

monatomic then only vibration ~translation processes may take place. If 

. M is diatomic or polyatomic then vibration ~ rotation and vibration ~ 

vibration :r;>rocesses may also take place, and the existence of these other 

possible modes of energy transfer may account for the increased efficien-

cies of polyatomio collision partners. 

In their study of quenching of N02 fluorescence MYers, Silver,and 

Kauf'man19 noted an increase in the apparent quenching rate constant with 

molecular complexity. Since the present work has been able to provide a 

much more detailed picture of the energy transfer processes in excited 

N02 these stUdies are being extended to additional collision partners in 

order to obtain relative and absolute efficiencies for other M gas iden-

tities. 

The question also arises whether N02 plays a special role as an energy 

transfer partner with excited N02 because of the identity of the species,. 

and the ppssible resonant phenomena that may be associated with N02-N02 

collisions and also because of the existence of a stable dimer. 

An answ'er to this question may be obtained from the data of MSK 

(Table X) on the relative (per collision) quenching efficiencies of M gas 

partners. Since the identity of the quantum states observed will be a 
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Table X. Relative quenching cross sections as 
a function of collision partner 

Quenching gas kf/kq P, relative 
M torr-1 to N02 = 1 

He 29 0.17 

Ar 30 0.33 

N2 44 O.~ 

O2 48 0.54 

~ 62 0.25 

NO. 82 0.83 

CH4 82 0.67 

N20 91 1.00 

N02 100 (1.00) 

CO2' 105 1.13 

SF6 155 1.46 

CF4 160 1.63 

~O 280 2.00 

Data are from Myers, Silver,and Kaufman (Ref. 19). Values of 

Kf/kq are experimental values of quenching ratio. .values of P have been 

computed ~er collision, relative to N02 = 1. Excitation wavelength was 

4358 A. 
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function of the spectral sensitivity of thedeteator, and since the 

apparent dc quenching ratio will be a function of the states observed, 

the values given in Table X can only be taken as having (at best) relative 

significance. How·ever, it may still be inferred that N0
2 

as a collision 

partner does not play a role which is significantly different from that 

of collision partners of comparable complexity. 

In the experiments conducted with spectral resolution of the 

fluor~scence MSK used Ar as well as N02 as a collision partner. While 

the magnitudes of the quenching ratios varied by a factor of three, the 

quenching ratios of Ar remained constant relative to those of N02• 

As an additional examination of a possible special role of N02 as 

a collision partner, a calculation was made of the probability of complex 

formation in binary collisions of ground state N02 molecules. This cal .. 

culation was made using data on the unimolecular decomposition of ~04. 

This reaction may be considered in terms of the elementary processes t 

* where N204 denotes an excited complex with energy sufficient for disso-

ciation. The observed rat~ for decomposition is given (at the high 

pressure ,limit) by: 

db 
=-c 

The equilibrium constant K for this reaction is ·given by 

db 
K =­ac • 
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Consequently, ~ the rate constant for comple* formation may be obtained 

by 

a = k /K . - decomp • 

The data of Carrington and Davidson85 for the dissociation constant and 

. 49 . 
Verhoekand Daniels for the equilibrium. constant were used; the value 

. -13 3 . 
for ~ ~hich was obtained was 8.6xlO em /molec sec. Since the observed 

energy transfer rat~ constants w'ere of the order of gas kinetic (2.3XlO·lO ), 

it was concluded that N204 complex formation did not playa special role 

in the energy transfer process • 

. F.-.'. Flliorescence Near the·DissociaticiifLi-mit·-andthe 

- . Mechanism 'of Dissociation 

·It was observed that. the fluorescence lifetime remained relatively 

constant (± 25%) as the excitation was swept through the dissociation 

threshold (~ 3980 A) whereas the apparent quantum yield for fluorescence, 

CPf' decreased by a factor of approximately 4000. From this we may assert 

that there are two sets of excited molecules present r one set fluoresces 

and does not dissociate; the other dissociates and does not fluoresce. 

This assertion maybe proved by assuming the contrary· mechanism and show-

ing that this leads to a oontradiction. wtth the- observations f . 

Ik 
.G o a :> E 

E 
kf :> G' 

kM 
E 9. :> G' 

E 
kd 

:> dissociation products 
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The rate constant for dissociation kd is zero below an energy threshold 

and noh-zero above this threshold" From this mechanism we may'W'rite 

We now define the quantities y¢ and y~ as the ratios in quantum yields 

and lifetimes, reBpectively~ for excitation at energies greater than and 

less than the dissociation threshold4 

y¢ = ¢f:' above threshold/¢f below threshold 

y = ~ above threshold/~ below threshold 
~ 

It was obse~red experimentally that y¢ « 1; conseque~tly kd « (kf + kqM). 

The assumed mechanism requires that y¢ = y~. Therefore this mechanism 

must be rejected. Further, if there is a significant proportion of the 

fluorescence, coming from molecules which are capable of both fluorescence 

and dissociation, the overall observed lifetime w'ill be correspondingly 

reduced. Therefore the greatest part of the observed fluorescence for 

excitation energies in the threshold region must be from molecules which 

cannot dissociate. The remaining excited molecules must dissociate at a 

rate much greater than the fluorescence rate. Thus the assertion of two 

sets of excited molecules is proved. 

We now' wish to consider the nature of these two different sets of 

states. Certainly, if there are two different electronic states involved 

87 ' as proposed by Pitts, et al .. , the kinetic mechanism w'ill be supported. 

However; this mechanism requires that the absorption coefficient for the 



lower, non...d,issociative state vanish rather sharply and'.the:dissociative 

state begin at the threshold at the same value to continue the smooth 

total absor~tion curve (Fig. 1). Alternately, we may explain the observed 

behavior by assuming that the two sets of states are w'ithin the same 

electronic state. Those state.s which are capable of dissociating do so 

ina time so short compared to the fluorescence lifetime that they make 

no contribution to the fluorescence intensity.. Those states which are 

observed in fluorescence are not capable of dissociating (presumably be­

cause they lack sufficient· energy). The fluorescence observed with eX,ci ... 

tation at 3950 A is all due to molecules of energy less than required for 

dissociation., excited by light in the low energy "taU" of the excitation 

band pass. 

With this interpretation we may consider the results of Table V as . 

a measure of the dissociation threshold ofN02• This may be set at 3980 A 

'. with tolerance limits of ±30 A due to the width of the E.._~citation source, 

and the smearing of the threshold because of hot ground state molecules. 

This is in good agreement with determinations of this dissociation limit 

by other means, Table XI. 

This aspect of the present w'ork was not undertaken as an attempt 

to obtain a better value for this dissociation lilnit but to confirm the 

mechanism of dissociation, namely that molecules that are capable of 

dissociat'ing do not fluoresce. This result is strongly indicated by the 

42 results of the predissociation study of Douglas and Huber, who found 

1" 
no unbroadened lines (in absorption) at higher energies than25~5 cm- •. 

A rate constant for dissociation may be estimated from the width of the 

broadened absorption line by uncertainty considerations o Douglas and Huber 



a. 
b. 
c. 
d. 
e. 
f. 
g .. 
h. 
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Table XI.. Dissociation of N02 to 0 (3p ) 

.. and NO. (2:£0 ' '. . ' .. 

-1 Energy cm 

25105±10 

25112~0 

25125±7 
? 

25157:1:20 

'25l60±500 

25125±120 

Ref" 91 
Ref. 90 
Ref .. 92 
Ref. 42 

Method 

Thermodynamics I 
N02 = NO + 1/2 O2 
NO, O2 dissociation 

Break-off in magnetic rotation 
spectrum 

Predissociation in absorption! 
last unbroadened line 

Break off in NO + 0 luminescence. 
spectrum 

Quantum yield for dissociation, 
4047A photolysis 

Break off in luminescence from 
shock heat.ed N02 

Break off in fluorescence quantum 
yield 

Ref. 29; see also Ref .. 93, p. 60 
Ref. 87 
Ref. 93 
Ref. 94 

Reference 

a 

b 

c 

d 

e 

l' 

present work 
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do not state the width of observed predissociated absol'ption lines. 

However, a lower limit to this width may be set by the Doppler Width of 

a line. 

6;; > 6V
no 

1 . = 2. 8xio -2 cm-l 
pp er 

From the reproduction of their absorption spectrum at 3910 A an upper limit 

to this width maybe set: 

Hence, from the uncertainty relation, 

We may set l1m1ts on the value of the rate constant for dissociation, kd t 

8 -1 10_1 
8XlO . sec ,~kd ~ 3xlO sec . 

Doppler w'idth ~ lJ-r: ~ Uncertainty width 

These limits may be compared with the, value for kd estimated by the tech-

83 . 
nique of Marcus and Rice. . From lack of knowledge of the frequencies of 

the excited state of N02 this. calculation was based on the ground state 

frequencies of the mOlecule,8~ and assumed a bent Configuration· (s:. 3)~ 
-1 For an 'assumed electronic energy of the, excited state of :13500 cni 

,·-;.1 
(see Sec. C) and for molecular excitation 200 ,cm: .grea.t ... r than the dieso .. 

, 10 
ciation' energy, the value computed was kd = 5xlO 

close agreement with the limits estimated above. 

-1 sec , which is in 

In conclusion, the several estimates of kd have given .values which 

are five to seven orders of magnitude greater than the measured fluorescence 

. 4 -1 
rate constant, 1.6XlO sec • Virtually every molecule which is energetically 
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capable of' dissociation 1'1'i11 dissociate and consequently will not, con ... 

tribute to the observed f'luorescence ~nt~nsity or lif'etime; the f'luores-
" r ' ... 6 
cence quantum ef'f'iciency will have the approximate limits (0.5-20)XlO • 

This interpretation is in agreement with the interpretation of' N02 photoly.. 

sis which has been given by Ford and Jaf'f'e89 that dissociation takes place 

w'ith unit quantum ef'f'iciency at energies greater than the dissociation 

energy. 

The discussion thus far has not accounted f'or the intra-molecular 

mechanism whereby the excited molecule dissociates; ,the f'act that the 

2 electronic absorption to the Bl state extends f'ar beyond the dissociation 

limit has given additional support to interpretations of the N02 photolysis 

and fluorescence kinetics as requiring an additional electronic state. 

Figure 14 shows a. 'set of pseudo-diatomic molecule potential energy curves 

that may be taken as representative of curves used in these interpreta­

tions.29 ,8? state A is responsible for the electronic absorption; it is 

drawn as extending w'ell above the dissociation limit to account f'or ab-
" 

sorption at these energies. 13 is required to account f'or predissociation, 

and its presence is used to explain the anomalously long fluorescence 

lifetime by an internal conversion mechanism. 

A diagram such as this is misleading, howev~r, because it excludes 

the possibility of' an alternate mechanism f'or predissociation, namely 

, " 46d predissociation by vibration. This mechanism is not available in 

diatomic molecules, which have only one mode of vibration. This mechanism 

is of particular importance in the dissociation of symmetric molecules. 

Because of the c2 symmetry the Franck-Condon factors in absorption will 

be concentrated almost exclusively in the symmetric vibrations (VI and 
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R O- NO 

)(,B L 688 - ,3762 

Fig. 14. One-dimensional potential energy curves for N02 as 
a pseudo-diatomic molecule. A ,is the lowest. excited elec­
tronic state and is strongly connected to the ground §tate 
by an optical transttion. 13 is weakly connected to A by 
a perturbat ion. 
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'V2 ); i.e., absorption in 'V3 is Franck-Cond?n forbidden. '!he symmetric 
I ' , 

stretch, which leads to the dissociation products Q + N + 0, ,extends to 

a dissociation limit (77500 cm -1)90 which is much higher than th'at for' 

dissociation into 0 + NO, and thus can account for vibrational structure 

in the absorption spectrum beyond the lower value. The dissociation into 

o + NO must take place by asymmetric vibrations which can be populated 

only by mixing of the normal modes following the excitation. This mechanimn 

allows for prediesociation without requiring the presence of an additional 

electronic state. 

G. Relation of Fluorescence and Chemiluminescence Studies 

The two ,chemiluminescent reactions 

and 

have previously been interpreted as involving the same excited eiectronic 

. 22 32.," state of N02 as that populated optically and observed in fluorescence. ' .. 

These interpretations have been based on the similarity of the spectral 

distributions and kinetic (quenching) behavior in the three systems. Since 

the same electronic state participates in all systems, then information, 

obtained from the various stUdies can be applied to the other studies. 
I 

Particularly, fluorescence studies because of time and energy resolution, , 

are capable of direct measurement of radiative and energy transfer (quench­

ing) rate constants. However, the complete spectral distribution of the 

fluorescence has not yet been measured in 'a fluorescence system, whereas 

these distributions are available from both chemiluminescent systems. 



The reaction of nitric oxide and oxygen atom (the air afterglow) 

has been inteFpretedin terms of two distinct t~es :of .mechanisms : 

I. Stabilization by Radiation 

k 
NO + 0..;::: a;::. 

kd 

* k f 
N02 -> 

II •. Collisionally stabilized excited state ; the simplest mechanism 

. of.this type that may be written is: 

... 

~kf(NO)(O)(M) 

If = k f + k_l(M) + Kq(M) 

For pressures greater than 1 torr the chemilum:tne~cEmt. intensity has 

been found to obey the relation3l,95,96 

* If = k (NO)(O) " 

. 4..6 
This has~ed to the proposal of mechanism I.) ) However, this mechanism 

has be.en disputed beoause I 

* 1) The value of k has shown somewhat of a dependence on the 

identity of M. 95,96 

2) The spectrum'of the chemiluminescence has a sharp cut off at the 
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enthalpy of recombination (See Sec. F) and does not have a tail to thermal: 

energies above that value. 

A simple, mechanism such as II can acoount for these observations, since at : 

high pressures (kqM + k_lM »kf ), 

.~ kf (NO)(O) 
If = ~~----------

kl+k ... . q 
• 

This expression has the required dependence on the total pressure M, and 

* since reactions (1) and (q) are not detailed balance inverses, k might 

be expected to have a dependence on the identity of ~ 

Mechanism II does predict, however, a dependence' on the total pressure 

M at pressures less than 100 m torr; such a dependence has recently been 

reported. 32,33 The dependence may, by analogy to Stern-Volmer kinetics, 

be expressed as a quenching ratio (kq + k.l)Jkr- The values reported are 

in good agreement w'ith the fluorescence quenching data. 19 We should 

like to stress that as the Stern-Volmer mechanism is inadequate for the 

interpretation of fluorescence data at low pressures because of energy 

transfer process in the excited state, mechanism II should similarly be 

inadequate for the interpretation of the air afterglow at low pressures. 

Quenching plots -- If/(NO)(O)(M) VSa (M) -- should not be linear and 

should have·high pressure slope to intercept ratios which are a.function 

of the ob~ervation wavelength. The dependence of the quenching ratio upon 

the observation wavelength has been observed, with lower quenching ratios 

at higher observation energie~.32,33 Mechanism II may be tested for 

" * 31 consistency by estimation of kl from the known value of k and the 

quenching ratio kq/kf •19 From these quantities kl is computed to be 

6 -32 6; 2 . X10 . cm molecule sec, which is in good agreement w'ith the values 
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. 6 
reported by Xaufman9 for the overall rate, constant (at high pressures) 

for the reaction NO + 0 + M~N02 +'~ Such a comparison is necessarily 

artificia.l since k /k.pis a function of observation wavelength" but q ... 

s~ggests that a maj~r proportion of NO; formed by (1) is capable of 

'fluorescence at sufficiently low pressure. 

In Fig. 15 are given the low resolution fluorescence spectra obtained 

in the present experiment (high pressure limit spectra) and on the same 

scale the spectrum of the air afterglOW,3l all normalized to the same 

intensity at 7000 A. While the three flliore.scence distributions are 
. , 

generally close to the air afterglow distribution, that obtained for 

excitation at 4300 A most closely approximates this distribution. We wish 

to speculate semi-quantitatively about the possible reason for this. If 

we cons"ider the air afterglow spectrum as due principally to molecule.s at 
,,1·· . 

energies of 4300 A or 23300 cm rather than from molecules at 8H = 25100 
~ . ~ . 

cm , then. this energy difference of approximately 2000 cm is equal to 

the energy transfer efficiency of one collision. That is, the three body 

reaction (1) may be thought of as two sequential two body processes 

where the,stabilization reaction (s) is quite analogous to the energy 

transfer process of the stabilized species at slightly lower energies. 

By virtue of this similarity a· similar dependence on the identity of M 

* might be expected. This would account 'for the slight dependence of k 
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pressure limit spectra (P> 5Omtorr); present work. The fluorescence 
spectra are normalized to the NO f 0 spectrum at 14270 cm-1• 
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on M identity, despite the 'Widespread differences in quenching effiaiencie·s 

in fluorescence expertments~ Thus CO2 andAr were equally efficient as M 

. 96 
gases in the air afterglow reaction, whereas CO2 is 3.5 times as efficient 

e.s AT in fluorescence Quenching. 19 From this mechanism we may w-rite the 

complex rate cO.nstant kl in terms of the elementary rate constants: 

" 

10 
If we assume values of 1><10- for ka (Ref. 2b) and k:a (M lI:Z Ar; ~O t'rom 

. '. . 10-1 
present experime~t and kdkN02 = 0.33,- Ret'. 19) and the value 5><10 sec;! 

fork
d 

(see Sec.! F), theri w'e obtain kl = 20><10-32 , which iain good agree­

. ment with the experimental value considering the very approximate values 

of rate constants assumed. 

We turn. now to the nitric oxide ..... ozone reaction. Clough and i,:.".1 . 

. 21 22 
Thrush ,. have interpreted this . luminescence in terms of the mechanism 

which is analogous to II above and to the Stern-Volmer mechanismot' 

fluorescence. The emission spectrum of this system, which has been , 

reported not to change wt~h pressure in the range'5 to 60 In torr, is 

given in Fig. 15. The ratio of the values of (:V3 )F-C fO.r the two systems 

(~ 8) is much greater than would be predicted from the relative enthalpy 

values of the two reactions: (25100/16700)3 ~ 3.4; this factor is even 
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* N02 as equal to the enthalpy plus the lower (1'::1 2.6) if we take the energy of 

activation energy for the luminescence (18158 em .. 1)" 22 

, Although spectra for fluorescence excited at energies in this region 

(5500 .. 6000 A) w'ere not obtained, fluorescent lifetimes w'ere obtained 

which exhibit ~ than the expected dependence on excitation energy • 

. * Consequently w'e infer that most of the N02 formed in the bimolecular 

atom transfer reaction (b) has energy sabstantially lower than the enthalpy 

of the reaction, i~ distinction to the air-afterglow' reaction, in which 

* N02 has energy 'close to the enthalpy of reaction.. In the ozone reaction 

the oxygen molecule maybe formed with significant amounts of vibrational 

* energy, which wpuld leave the N02 with reduced energy. The high energy 

luminescence, which extends to 17600 cm-l would ha~e to be interpreted as 

* coming from the tail of the distribution function of N02 energies. How' .. 

* ever, the existence of a distribution of energies of N02 would require 

that the apparent quenching be different at different, observation w'ave-

22 
lengths, in contradiction to the observations of Clough and Thrush. 

The resolution of these questions will have to await further experimenta-

tion on the N02 flUorescence excited at the lower energies corresponding 

to the enthalpy of the ozone reaction. 

\ ' 



-115-

Appendix A: Transfer Functions 

In this appendix we shall develop some expressions for transfer' 

functions between a modulated excitation source and excited states popu-

lated by the source and some general rules for the propagation of trans­

fer functions. In all cases the discussion will be limited to liriear 

systems. Thus we shall .rule out any reactions between two excited species 

and also shall restrict our experiment to .moderate iight intensities at 

which the ground state is not significantly depleted. Such nonlinearities 

introduce components of the population at harmonics of the modulation 

frequency as well as a nonlinear dependence of the concentration on the 
\ 

intensity of the modulation source. The solution of this problem has 

been discussed by McGraw and JOhnston. 56 A general expression for excited 

state populations in linear kinetics, developed 'in a somewhat different 

context, has been given by Gordon. 97 

The simplest mechanism is that of'a single excited state decaying 

with a single lifetime, which was discussed in the text. Theelementary 

reactions in this mechanism are: 

k I 
G ao:> E excitation 

k 
E --~:> G' de-excitation 

The differential equation governing the system is: 

". E=kIG-kE 
a~o 

(1) 

where!o = IdC + Io (e tmt ) is the incident intensity, including the dc 

term. S1nge the differential equation (1) is linear,. and we are concerned' 

'i 

,I 
I 

I 
I 
i 

I 
I 
J 

I 
! 
I 
I , 
( . ~ 



only with the modulated concentration of E, we may drop the.dc term and 

write I 
-0 

-1 The solution of (1) at times long compared to k 

. 98 
g~ves 

E = 
I k G o a 

k 
1 

1 + ~ 
k 

4",-1- I k G 
.LWlJ -0 a 

e = k • 1 
1 + iro 

k 

(2 ) 

consequently the transfer function, which is defined as the ratio of the 

population at frequency ro E (ro) to that at zero frequency E(Oh is 

1 
F =-~---

(1 + iro/k) 

When ro = 0, F = 1, and the solution to (1) reduces to the steady state 

solution as required. The Phase of the state El w'ith respect to Io is 

required to be in the first quadrant. 

We now consider tWo state series' kinetics. 

-~-..... ~ G' 

From (2) w'e may immediately write 

I G k o a 

E2 is governed by the equation 

. Consequently 

1 
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. klEl i I Gk 1 1 
E2 

0 a 
=~ .. i.ro = 

1 + ~ i.ro 
1 +- ~. 1 + ---

~ ~ 
. k 

2 

This result has been given previously by Birks, et al.,99 and by Schlag; 

et a1. 79 It has been used by Yardley and Moore15 to determine the rate 

constants.~ and ~ in a three level systemby observation of fluorescence 

from~. The result may be expressed as a product rule in transfer 

functions for levels excited in series (series-product rule)r 

The extension to an arbitrary number of levels populated in series 

follows by induction. The phase lag between any two successive states 

is required to be between 0°' and -90°. 

In the dc limit the expressiom:for E2 reduces as required to the 

steady state expression: 

I G k o a 
~. • 

At this point it might be worthwhile to mention an analogy to ac 

electrical circuits, in the study of which are encountered identical 

differential equations to those of linear kinetics. An analogy to 

,. ,. 

the single excited state system is given bya simple. RC.low pass filter, 

:Fig.A-la~ The voltage response of this circuit to ac excitation at an 

angular frequency ill is, given by 
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Fig. AI. Electrical Circuit analogs to fluorescence kinetics. a. 
Single excited state. b. States excited in series. A represents 
an i~ealbuffer amplifier to isolate successive stages. 



where T = RC is the discharge time of the circuit in the absence of an 

applied voltage. The electrical circu1tanalogy to nstate series 

kinetics is given by n isolated low pass filt~rs connected in series, 

Fig. A1,.lb. 

A second important result concerning fluorescence kinetics comes 

as a direct consequence of the linearity, namely that the contributions 

from twO or more parallel paths are additive. There is no interaction 

. resuiting from the existence of parallel paths populating a given state. 

An analogous electrical circuit could be constructed by the use of voltage 

summing amplifiers (Fig.A~). This result may be called the parallel-

sum. rule •. 

. With these two' rules we may consider the problem' of cascade kinetics. 

Here there are two par~~lel paths,. one of which excites the observed 

state (E2) directly, and one of which goes via an intermediate state .(El ) 

which has a finite lifetime .. 

We may now write immediately 

~l . 
-> 

( kla -1-+-\""'-'£.0 
~l 

1 

k:f2 
-> Gt 

100 a result previously obtained by Law'rence and Savage. 

, 

The problem of radiation trapping may be treated by summation of 

an infinite series. 

, " 
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Here a is the fraction of the emitted radiation that is .reabsorbed p.y 

other molecules in the system. By summing contributions to E, 

= I G k o a 

1 

1 

(1 - a) k
f 

+ iru 

- t .. .. .. I 

• 

The system behaves as a single state system with its fluorescence rate 

constapt reduced by the factor (l~). The system has the correct dc 

limit: 

E = 
I· G k o a 

As a f-inal example we consider a situation involving two coupled 

excited eta te-s. 
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E ' 
2 

" \ 

.Rewriting this in a form suitable for summation in an infinite series: 

I k (l...cx)k.., 
G 0 ai>, El -=-> G I 

.(j> (l...cx)k~ 
'\"$ E;r.--

~ 

'\I I ' 

• .. 
.. 

By direct sum" 

{ ( ~ 'f3~)' ( )2 ' 'l 
1 + ~+iID ~+iID + ,+ H ••• j 

~~~) + ()2 + ••••• J 

~IkG l __ ak_l --j' 
o a' 

(kl+i(J.))(~+iID)-a kl f3 ~ 
• 



It is interesting to note that E2 obeys the usual phase relation to El' 

but that El does not have a simple relation to Io. 

At ill = 0 (dc excitation) the appropriate steady state expressions 

are obtained t 

k 
El = I G 

a 
0 ~ (l-O;~) 

E2 =I G 
kaCX 

0 ~ (1-<:$) 
.. 

From these examples it may be seen that the phase shift method is 

a rather natural extension of steady state· kinetics. The simplicity 

of the expressions developed is in great distinction to the expressions 

arising from a ·flash-decay experiment, in which the solution to the set 

of coupled differential equations depends strongly on a knowledge of the 

.. initial conditions or on the assumption (often not valid) that the dura-

tion of the flash has been sufficient to establish steady state condi-

t ·i 101 ons .. The simplicity results from the fact that only a single modu .. 

lation frequency is involved and also that the kinetics are linear in 

the modulated spec'ies. 

102 It has been observed that the phase shift method at a single 

frequency does not provide a test that tbe fluorescent. mechanism is 

first order in a single state (exponential decay). The reason for this 

is that 1(he phase shift method probes the fluorescent system with a single 

frequency. This is ~n contrast to a sharply cut-off flash, which contains 

"all" frequencies, and which consequently provides a direct test for 

"exponentiality!'~' The functional dependence of the transfer function 

on frequency may,how·ever, be obtained directly from phase shift studies 



by varying the modulation. frequency, and tests of the assumed mechanism 

may be made in this way. Further, the frequency dependence of the 

transfer function may be used to elucidate the mechanism where this is 

not known. The analogy to electrical circuits may be carried further: 

The use of flash-decay methods is analogous to determining the charac­

teristics of an unknown circuit from its time response to transient 

signals. The phase shift study is analogous to characterizing the circuit 

by its frequency response. The use of a single modulation frequency in 

the investigation of a chemical system where the assumed mechanism is 

not that of a single excited state does- not invalidate the study. The 

frequency response of the system may be calculated for an assumed.mechanism 

and the measurements interpreted in terms of that mechanism. How·ever, 

conducting the studies at more than one modulation frequency would 

provide a valuable check on the assumed mechaniB~ 



Appendix B f High Pressure Limits in Fluorescence Kinetics 

In a system of n collisionally coupled quantum states the pressure 
," , .. ,: I'; ',I I: 

dependence of the concentrations depends, in generalJon a large number 

(order n
2

) of rate constants. Jenkinsl03 has given solutions fora system 

consisting of two excited states for steady state experiments in which 

one or both states are excited or observed. If the data are sufficiently 

precise the complete set of rate constant ratios may be evaluated by 

regression techniques. 

In instances where a large number of quantum states are involved it 

is usefUl to develop approximations from the general expression for con" 

centrations in order,to predict or explain the pressure dependence of 

fluorescence lifetimes and intensities. This is readily done at high' 

pressures by an expansion in inverse powers of, the total pres~ure ~ The 

development of approximate expressipns is particularlY'Y"<;!cessary for the 

interpretation of experiments of low spectral resolution in which an 

observed signal is almost inevitably due to contributions from many 

quantum'states. 

In this discussion w'e 'shall assume a set of n excited states El' 

E2 , ~ •• , E populated in a series mechanism. We shall consider first n ' 

the steady state or dc situation. From Appendix A w'e have 

k' I G kla M, 
'E I G 

la 0 (1) = k 111 
=_. 

kfl + 15.ql M 
' , • 1 0 kfl + M ql 

Here kla is the absorption coefficient into state El ; kfl is the 

fluorescence rate constant from state Ell and kql is the total rate 

constant for collisional depopulation of state 1. For a second 



generation excited .state 

. k_ M 
~l 

• (2) 

Here ~l is the transfer rate constant from state El to state ~1 a 

subset of kql", For a third generation excited state 

E3 
IoG klaM ~lM ~2M 

(3 ) = • • .<11 

M kf'l + kql M kf2 + kq2 M kf3 + kg) M 

and so on for subsequent generations of states", 

MOre generally, a second generation state E2 .may be populated by 

contributions from more than one ,first generation state, so that We 

have 
I G o 
M 

kia M 
(4) 

where the summation is over all states populated directly by absorption 

of incident radiation. Sim11arly for a third generation state 

where the summation is over al1 first and second generation quantum states. 

We now introduce the (very real) possibility of cascading, in which case 

we can no longer state that a quantum state Ek is uniquely a given number 

of generations removed from the initially populated state. Thus 



+ ..... ! (6) , 

where k is now used merely as an index and does not signify the generation 

of the state. The.ellipsis signifies summations representing contributions 

to the population having greater numbers of intermediate states. It 

should be pointed out here that the expression (6) is still not completely 

general, as it neglects the possibility of ''back_up'' transitions. If 

the energy per step is sufficiently large compared to kT, 'this. neglect 

is justified. This point is discul3sed in the text •. The existence of 

"back-up" transitions 'Would not affect the existence of high pressure 

limits (equation 7). 

It is the expression (6) 'Which 'W·e wish to take to the high pressure 

limit, at WhichkqfM » kfi for all i. At sufficiently high pressure 

the fluorescence rates 'W'ill be negligible in all denominators in (6). 

Under this condition the expression reduces to 

Thus at high pressures the concentrations in all quantum states have the 

same (inverse first order) dependence on the total pressure ~ Since 

the spectral distribution of the fluorescence from each quantum state 

,is a function of that state, the total fluorescence spectrum has a ''high 
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ppessure limit" in which the relative intensities at all observation 

wavelengths are independent o~ pressure. At suf~ciently high pressures, 

for de excitation the system o~ arbitrarily many quantum .states will have 

'a single quenching behavior. The inverse intensity at any w·avelength 

will vary linearly with· pressure, just as is the case w·ith· single"'state,:: 

(stern ... Volmer) kinetics. 78 The comparison with Stern ... Volmer kinetics is 

facilitated by rew·riting (7) 

• .(8) 

fiwe de~ine 

_ { : ~i kij ~i }. 
(k )k = ~ + Z ki r + Z k,.. r r'+ ...... 

a . a . i a qi. j i va qj qi 

then 

• (8a) 

This is to be compared to the high pressure limit Qfthe stern-Volmer 

equation 

(8b) 

We may also consider the ratio o~ the high. pressure limiting slope to 

the zero pressure intercept, or its inyerse. The intercept/slope ratio, 

which has units o~ pressure, is given by 

• 

This quenching pressure is increased by the ratio (ka)k/~a over that 
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for direct excitation into the state E
k

- It should be observed that this· 

. J. * 
ratio is defined only for ~a r 00 

A further remark should be made at this point "'tith reference to a low 

resolution experiment. At low resolution the detector does not observe 

the fluorescence from a single quantum state, but rather a sum of 

fluorescences from many states t 

~=~ ~kf'k~ 
k . 

where 0Xk takes into account the overlap of the fluorescence of the 

state ~ with the spectral response of the detector at wavelength )... 

Consequently the preceding and subsequent discussion should be in terms 

of .~ rather than~. This extension follows readily and does not change 

the conclusions which we have reached. 

* Further qualitative information available from dc experiments is 

obtained from the low pressure limit in quenching curves. A Taylor's 

series expansion of (6) at low pressure Yields the result 

. The quantity in brackets will be positive or negative depending oh'cwhether 

the state' k is populated at low pressures predominately by direct excita-

tion or by energy transfer from initially excited states. 
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For ac excitation the analysis of the kinetic mechanism is simUar •. 

Here 

At this 

S1m1lar1y, 

and 

+~ 
M 

and soon for subsequent generations. 

• (11) 

• (12) 

(13) 

(14) 
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At this point we could follow the dc argument by constructing an 

arbitrary state as a sum over processes populating that state. For, 

brevity we shall not repeat this; the generality of the discussion that 

immediately follows is· in no w·ay affected by this. The argument is again 

-2 made that at sufficiently high pressure terms of the order of M and 

lower may be neglected. This assumption is equivalent to the small angle 

assumption; i.e., that tangents of small angles may be added rather 

than the angles themselves. Under this assumption 

E = ~ ~a [1 _ ~ (....L)] 
1 M kl M kl . q . q 

., 

~ = I~ G :~~ ~~ [ 1 -:: (k:1 + k~J ] (15) 

E3 ~ I~G ~ ~~:: [1 - :: (k~l + k~2 + k~)] 

and so on. For an arbit~ary state Ek the population at high pressure 

will be given by 

where 

R = k10MG I (k ) - in.> t a ·:\·. l 
K qk a k . M !tq .. 'k ~ 

(....L+....L+ ....L) k k k qj qi' qk . 

'+ • . . .. • 

(16) 

1'-' 



, ' 

For any state, at sufficiently high pressure where the assumptions. 

made in the derivation are valid, the in-phase component of the population 

will have an inverse first power dependence on the total pressure and the 

'out .. of-phase component will have an inverse second power dependence. Thus, 

by the arguments given previously the in .. phase and out-of-phase spectra 

will each have a high pressure limit. Further the ratio of the in-phase 

and out-of-phase components of the population of any quantum state will 

have a first order dependence on the total pressure: 

• 

This expression is analogous to the limiting Stern-Volmer expression at 

high pressures: 

However the value of the apparent quenching rate constant will differ 

from state to state. 
',' 0° _90° 

Neverthele,ss the spectrum of the ratio Ek./Ek 

will vary uniformly: as Me ,The apparent lifetimes of different states will 

be in constant ratios one to another and will vary as the inverse first 

power of the total pressure. 

* ' The quantity kqk is directly accessible experimentally in an ac 

experiment in which quantum states are spectrally resolved as the limiting 

slope (at high pressures) of a graph of SOo/S _900. If the spe~troscopy 

is not resolved, then an observed signal will be an average of contribu-

tions from numerous quantum states, as given by Eq. (10). 

Similarly to the dc case, we may consider the intercept/slope 

ratio of the ac quantity Eoo/E_
90

o, again taking tlle limiting high 
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pressure slope. This ratio is given by 

* P = k 'ac fk 
(18) 

This quantity is not required to be equal to the corresponding quantity 

for dc excitation (equation 9). 

Thus far we have discussed Eq. (16) only in terms of the ratio of 

the in-phase and out-of-phase components of the population. A comparison 

of Eqs. (16) and (8a) shows that the in-phase intensity of the ac 

excited population has the same pressure dependence (at high pressures 

where the approximations of the derivations are valid) as the dc popula-

tion. Therefore the conclusions given previollsly concerning the pressure 

dependence of the dc population w'ill apply to the in-phase ac population. 

Further, since at sufficiently high pressures the out-of-phase term 

in Eq. (16) will be small with respect to the in-pJ;1ase term, then this 

equivalence will be valid as well for the total ac intensity, 

and for the stern-Volmer intensity, 

A measure of this equivalence may be ascertained by the approach of the 
2 ' 

quantity 1 + (8_90°/80°) to the high pressure limit of unity. 

r,. 

, ' 
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Appendix lY 'r 

. Migration of Excited Molecules 

Because of the long lifetime of the excited N02 molecule the distance 

travelled under conditions of colliSion free motion by thermal molecules 

in their lifetime is the order of centimeters. If excited molec,ules 

~re removed by wall collisions or leave the region of observation the. 

measured values of intensity and lifetime at very low pressures will be 

reduced from their true values. In order to consider this effect quanti­

tativelya model calculation was ,made of the magnitude of the error to 

be expected as a function of the size of the observed fluorescence region. 

T!1e conditions upon which the calculation w'as based are as follows': 

1) The excitation takes place along an infinitely narrow line •. 

Such a model is a good approximation for laser excited fluorescence. 

For conventional excitation w'here the beam of exciting radiation has a 

cross section of finite dimepsions, ,the infinitely narrow model can be 

used as a Green's f'unctionsource over the excitation region. 

2) The observation geometry is cylindrical about the line of 

excitation. The intensity I(p) is the ,intensity of all fluorescence 

at radius PJ i.e., the integration o~er 2n for the angular distribution 

has been made. The integral of I(p) from radius P to 00 is also computed; 

this integral corresponds to the relative error in the observed fluores-

cence intensity resulting from observation only of the region from 

o to p. The analogous error quantity for the lifetime is also computed. 

3) The MaX\·reli":Boltzmann velocity distribution is obeyed. The 

calculation was made· in terms of the most probable velocity 



v = p 
Implicit here is. the assumption that the exciting 

radiation does not select a non-Boltzmann sample of the ground state 

molecules. This assumption is good for excitation from a continuum 

source, but would be suspect, for line source excitation. In the latter 

case a mis~match of the excitation and absorption lines would result in 

selective excitation of faster molecules on the tail of the Maxwell-

Boltzmann distribution. 

4) The fluorescence is exponential with a single time constant T. 

5) The mean free path of the molecules is large compared to the 

dimensions of observation and to the product v T. ' . p 

Under these conditions the intensity distribution I(p) can be 

obtained from the distribution I(v,P) by integration over the radial 

velocity distribution in cylindrical coordinates f(v). This distri-, p 

bution function may be obtained simply from the general Maxw'ell-Boltzmann 

distribution function by change of coordinates and integration over the 

coordinates ¢ and z. 

which satisfies the normalizations 

jf(V) dv :: 1 
o 

For a given radial velocity v we consider fluorescent intensity 

as a function of P, which will be equal to the decrease in particle 

flux per unit distances 

dN 
. I(P) == - dP • 



From the assumption 0'£ exponential decay, 

dN = - ~ dt 
T 

Substituting dPjv for dt, 

dN N 
dP = - 'Vr ' 

yielding 

Hence 

This quantity must be integrated over the velocity distribution to yield 

the desired distribution function 'for the fluorescent intensity! 

2 2' 
rep) = (r(p,v)v= 2N(g)je-(P/V1 + v /vp) dv 

"T V 0 
P 

• 

In addition to this function we are also interested in the integral 

quantity 

F(P) = j rep) dPjj rep) dp 
'P 0 

1 '. 
"-

'that is,the fraction of the intensity that is emitted beyond a given 

radius Pl. This quantity may be obtained by integration of rep) before 

the average over f(v) is taken. 

As required by normalization, for P1 = o and P2 = 00 this integral takes 
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the values N(O). For the limits Pl and 00 the value, is 

, -Pl/v~T 
N(O) e 

so that , 2 2 
2' -(Pl/V"'J: + v /v ) 

= ~ ttj v e ,P dv 
'~1:V 0 \ 

F(P) 
, P 

• 

This integral is formally identical to that obtained by Landau and Teller:104: 

in their consideration of energy transfer probabilities for diatomic gas 

molecules upon collisions. Values for both I and F maybe obtained 

with good accuracy by use of their approximation technique; i.e., expan-

sion of the exponent about its maximum. How'ever, since simple techniques 

for computer integration of such expressions are available, an exact 

calculation was made. 

For the purpose of this calculation the ,dimensionless variables V and 

R were defined t 

whence 

and 

v -= v/vp 

R = p/TV ' 
P 

roo e-(R/V + r) d'u, I(R) = 2 NO J .,y 

o 

• 

Finally, since we are interested only in the relative intensity distribu-

, 1/2 tion as a function of R, we may re-define I(R) by dividing by I(O) = IT NO' 

so that now 

I(R) =2/ ~IT ~ e -(R/V + 1-) dV 
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These integrations were performed by the Romberg techniquel05 with a 

-6 required relative convergence limit of 10 • The results are given 

in Fig. C-l. 

The preceding derivation has been developed for steady state or 

time independent excitation and observation. The extension, in general, 

to the time-dependent case would be involved; however, for the case of 

a flash-decay experiment this extension may readily be carried out, and 

the conclusions will probably be quite close to those obtained for 

sinusoidal excitation and observation. 

Fora flash at time t = 0, populating excited .molecules as pre-

viously at P = 0, the time when an excited molecule of velocity v is 

located at radius p is given by 

T(P,v) = p/v • 

This time T may be averaged over the observed intensity distribution to 

give an average observed fluorescence time lagt 

By sUbstitution 

(IT) = 2N~0) 
v t 

P 

_( p/V'T; + v2/v2
) 

e p dv dp .• 

By carrying out the integration over P 

e 

2 2 
-(Pl/vt + v /vp) 

.. the same integral for P2 

dv 
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Figure Cl. 

Radial distribution of fluorescence intensity and lifetime in cylin­

drical geometry. It. is a dimensionless radius equal to the radius of 

'observation (measured from an infinitely narrow excitation line source) 

div~ded by the product of the lifetime times the most'probabie velocity. 

Curve I gives the distribution of fluorescence intensity. The integration 

over 27r azimwthal distribution of molecular veloc.ities has been included 

in the evaluation of I. Curve F gives the error in measured quantum 

yield if measurements are made only of fluorescence originating in the 

cylindrical volume extending to R. Curve E gives the analogous error 

in the measured lifetime. 
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0.01 

\~ 

\'" \ . 
\"-\ . 

\ '" ,. T-T(R) 
" ~. E(R)= T 

F(R)= 

" "-, , , , ,. , , , , 

kct) I· ( R) d R 

foct) I (R) d R 

, , , , , , , , , , , 

". 
, , , , , , , , , 

0.001~--~----~--~----~--~~--~--~~~ 
o 2 3 4 5 6 7 8 

Observation radius, R = P ITVp 

XBL6B4-2606 

Figure Cl 



-141-

At this point we let P2 = 00, so that the second integral vanishes •. By 

substitution of the dimensionless variables V and R 

(IT)oo =N(O)'ir (2R r: e-(R/V + ~) dV + 2 ,.00 Ve -(R/V + r) dV} 
R •. 0 J O 

= N(O)t (J1r R I(R) +·iF (R») 

where I and F are the integrals which have previously been evaluated. 

By way of a check we observe that (IT)~= N(O)'T ~s re·quued. From 

manipulation of the limits of integration 

(IT)~ = (IT)~ - (IT); 

Similarly, 

Hence, 

or 

... N(O)·t' (l- J7r RI(R) .. F(R)} • 

·R 
(I)O = N(O) (l~F(R» 

R '. {. 1._.fTf R I (R) l 
(T)O = ~ l 

. _ 1 ~ F(R) , 

= 
.fIT RI(R) 

1 - rOt) 

This quantity was computed from the values of I and F obtained pre­

viciusly and is also given in Fig. C-l. The lifetime error is greater 

than the intensity error as expected because the fluorescence at large; 

R is weighted to the long lived molecules. 

The curvesE and F may be used directly to estimate the expected 

... -'- , 

: ! 



error in measured lifetime or quantum yield due to the finiteness of th~ 

region of observation. Thus for R =5 the intensity measured will be 

decreased by 1.2% from the true intensity and the meas-ared lifetime 

. will be 4% too short. At R = 1 the values are 30{0 and 43%, respectively. 

In conclusion it is felt that the results of this calculation 

demonstrate the necessity of detecting the fluorescence at distances of 

several V 'r beyond the excitation region for precise measurements of 
p 

fluorescence lifetimes and quantum yields. 



Appendix D., Data Analysis 

The purpose of this appendix is to present a discussion of,the 

methods of handling the data from the measurements of. fluorescence 

lifetimes and intensitie's as a function of pressure, and to' present 

the original data and the results of the analysis.' It was desired to 

present the original data in the,ir entirety to allow for, possible re-

analysis. 

The techniques of handling the data (least squares fitting and 

significance tests) were for the most part conventional and consequently 

are only swmnarized' here. The least squares subroutines were standard 

programs available from the Lawrence Radiation Laboratory Berkeley 

computer Center program ,library. The computations w'ere performed on the 

Control Data Corporation 6600 computer. 

Each set of data' (data points at all pressures for a given excita ... 

tion wavelength and observation filter) was fitted to four functions. 

The functions chosen were as follow'S t 

1) A linear fit wtth two parameters t 'Fl (p) =A + BP. 

2) A second degree polynomial fit, allowing for curvature in 

the data; three parameters: F2 (p)= A + BP -+- C..; It The parameters­

were not constrained to be equal to those in the linear case. 

3) A three parameter function allow'ing for curvature but having 

a first order dependence on P at high pressuresIF
3

(P) = A/(l+J2P) + BP. 

4) A four parameter function allowtng for curvature and having a 

first order dependence on P at high pressures: F4(P) = (A2 + B2p + 

J21- )/(1 + D2p). The indicated parameters in functions 3 and 4 w'ere 

squared to restrict the coefficients to positive values. 



The functions 1 and 2 were capable of exact solution in the usual way. 

This w'as done by means of the subroutine package LSQPOL (Least Squares 

Polynomial Fit).106 The functions 3 and 4 were fit by an approximate 

iterative technique. The program used was a modification of the LSQVMT 

program, which uses the VARMIT method of variable metric minimization. 107 

. 2 
In all cases the weighted error sum S = t wi[Yi(Pi ) - F(Pi )] was.minimized 

1vith respect to the parameters. The statistical weights w'i were inversely 

proportional to the estimated variance, which was obtained from the propa-

gated variance in SOo and S_900 added to the estimated variance from other 

sources. In the case of measurements of R this additional variance was 

computed from an estimated fractional error due to uncertainty in setting 

the' phase of O.0l?<JR + 1jR). For intensity measurements the additional 

uncertainty was taken as 5%. 
In addition to finding the parameters the program was also designed 

to compute the variance-covariance matrix V,which~' in turn" allowed for' - . 

the evaluation of the standard deviations in the parameters (and in any 

function of the parameters). For the polynomial expressions this matrix 

is obtained directly from the LSQPOL subroutine. For arbitrary functions 

such as F3 and F4. this matrix must be evaluated approximately. The func-

tion is expanded in a Taylor's series in the parameters about the function 

evaluated at their best value, and only the linear terms are retained. 

The V matTix is then evaluated in the usual way. 

The methods for obtaining the variance-covariance matrix V have 

108 109 been discussed by Guest and Wolberg, and will be summarized here. 

In the case of the fit to a polynomial in the independent variable T 

we define the matrix 2, 



N 
~ ~ Tj +k 

. 'Pjk = i~l wi 
j = 0 .... oi P 
k = 0 ••• " p 

where p is tte degree o:f the polynomial, and N is the number o:f data 

points. The y matrix is then given by 

2·2· 
where s . is the estimated variance, s .= S/(N .. p ... l). In the case o:f an 

arbitrary :fitting function ~ is given by 

where 

( 
dF(JS.,X2, 

Gji =. 
. . 

j = 1 
k=l 

• 

Here N is the number o:f :fitting parameters, X is the vector of the para-
p -

. * . 
meters, and ~ is the vector of the values o:f the parameters for the 

~ . 2 
least squares fit. y is computed as above, with s = S/(N-N ). -- . p 

The usual F, or variance ratio, test was employed to determine 

whether the fit to the data was significantly improved by an increase in 

the number o:f parameters N. For any increase in N the error sum Swill 
. P P 
be somewhat decreased; the question that this test seeks to answer is whether 

this decrease is statistically significant.· The'.use' of .thiB"' test is discussed , 

by Guest. lOB For two different fitting fUnctions having respectively Npl 

and Np2 parameters (Np2 > Npl ) then 



..... 
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NooN 
p2 ~ 

Np2-Npl 
~ 
l' 

Tb test the significance of the improvement, tables of F (for example 

, 110 
Table V of' Fisher and Yates" ) are employed. 

The choice of which of several fitted functions in the ''best'' fit 

to a set of data is inevitably a subjective one; the subjectivity may be 

in the determination of a required confidence level in application of the 

F test, or may enter into each individual decision. In the present work 

the latter course was chosen, although considerable reliance w'as placed 

upon the results of the F test. The criteria upon which the selections 

were basedw'ere r 

1) Confidence level for improvement of F2 and F
3

0ver Fl ~ 0.90 

required to reject Fl -

2) Confidence level of F4 0ver F3 ~ 0.90 required to select F4 in ' 

preference to F
3

• 

, 3) Conventional and inverse stern-Volmer plots were required to 

exhibit no irregularit'y in extrapolation to the zero intercept. Fits 

,to Function F2 w'ere thereby, excluded since the limit: F2/Pis infini'te" 

at infinite pressure (lip = 0). In no case w'as there any indication' 

of such behavior in the data. 

The ~ata are presented in Table D-I. The entries in this table 

are as follow's J 

Pressurer The total N02 pressure in millitorr. 

SOo and S_900t The measured in-phase and out-of-phase intensities, 

normalized as discussed in Chapter IIn Sec." B-3-" 



, , 

I-l and R";ls The two Stern-Volmer quantities, inverse intensity 

and inverse intensity ratio, 'as defined in Chapter I, Sec. C. The inten­

.. 1 ' sities are given in arbitrary units proportional to qua __ ta per em sec; 

thus intensities obtained with different filters (for the same excitation 

-1 wavelength) may be directly compared. For convenience I' has been given 

as 10
8 /I~ 
Life'time.l The lifetime calculated directly from the measurement 

under the assumption of a single excited state; Eq. (I-B-5). 

EOo, E.~90o; EX' and ER % The fractional sample standard deviations, 

associated with the measurements of the indicated quantities as determined 

from the variance of the raw, unaveraged readings from the counter (not 

presented). ER is also the fractional error associated with the lifetime. 

From the fitted functions for the quantities R-l and I-l the fOllow'-' 

ing data were included in the table, as well as the associated errors 

(fractional standard deviations) where applicable % 

Function Type r Fl , F
3

, or F4• , 

Coefficients I The param~ters (or parameters, squared, as appropriate 

.tQ the fitting' , function) in ~rder A (or A2), B (or B2), C?-, D2. The 

"-1 -1 ' 
coefficients are given for R and I expressed as a function of the 

pressure in m111itorr. , The exponentiS:l format is used. Thus, for 

example, "E-Ol" signifies "X10-l ". :~ 

Intercepts The zero pressure intercept of F; for the lifetime data 
I 

the zero pressure lifetime -r(0) = ro-l/R-l(O) wasaiso computed. 

Sloper The infinite pressure limit of the slope of F, in units 

-1 t mtorr ; for the lifetime data this was expressed also as a ra e 
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constant in units c~ /mo1ecule sec" by use of the conversion factor en/Mo. 

Here M is the particle density at 1 mtorr and 296.4°x computed under the _ 0 . 

assumption of the ideal gas law, 3.257><1013 mOlecules/cm3• 

Quenching ratiot The ratio of' the two previous quantities in 

-1 units of mtorr • The quenching pressure is the inverse of this quantity 

in units of mtorr. 

Variance- ratio rThe variance ratio of the ''best'' fit referred to 

the linear fit, where applicable; the degre~of freedom are given in 

110 the conventional notation. 
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Table D .. I 

Data of pressure dependent studies of N02 fluorescence'kinetics. Explana­

tions of column headings are given in the text •. 



E:lCCITHt(l~' WAVE.LE.~~GT,", 4000 A ~RSERVATION FILTER NO. 1 123200 CM-ll 13 DATA POINTS 
--------------------.--------------.--------------------------------------------------------------------------

PRESSUPf 
'" TOllq 

1.1)e; 
1.~4 
1.0,9 
3.;7' 
4.7ft 

10.;:>0 
10.;:>0 
15.(16 
15.(16 
31l.31l 
3D.30 
48.10 
4R.I0 

!'I!I) 

10~44 
11R?P 
11?38 
10311:1 

R13e; 
41:161 
50R? 
417~ 
4009 
2121 
2442 
137R 
143? 

SI-qOl 

11585 
10168 

9262 
SR4R 
38fl8 
1442 
1422 
,872 
B74 
733 
2f<9 
124 
93 

[1!lI 

.020 

.Ol) 

.011 

.007 
.• On4 

.(109 

.005 
• (;0.9 
.010 
.006 
.004 
.(104 
.002 

[1-901 

.01i' 

.021 

.019 

.006 

.006 

.023 

.017 

.01R 

.021 

.034 
• o Sf:! 
.055 
.0131 

l/R 

.936 
1.163 
1.213 
1.765 
2.092 
3.440 
3.574 
4.789 
4.587 
9.103 
R.450 

11.ll3 
15.398 

111 

4307 
4862 
5299 
7335 

10007 
IRS87 
18249 
22946 
23812 
46585 
40384 
71986 
69539 

l IFET IME 
MICROSEC 

47.23 
38.01 
3('.44 
25.05 
21.13 
12.85 
12.31 
9.23 
9.64 
4.86 
5.23 
3.98 
2.81 

EIRI 

.023 

.024 

.022 

.009 

.007 

.025 

.018 

.020 

.023 

.035 

.1158 

.055 

.081 

_ E C1) 

.013 

.018 

.1116 

.ob5 

.003 

.008 

.OOS 

.008 

.009 

.006 

.004 

.004 

.002 

--------------------.------.-------------------------.-------------------------------------------------------~ 
LEAST SOllARES FIT FOR llR [lATA 

COEFFIClfNTS FOR FITTING FUNCTION 
FRACTTONAL ~PRORS TN COEFFICIENTS 

It\TERCEPT 
H.P. SlOPF. 
Q RATTO 

.731 

.;:>16 MTORP-l 

.378 MTOPP-l 

fUNCTION TYPE Fill 

7.311E-Ol 2.765E-Ol 
4.955F-II? 4.086E-02 

FRA~TtONAl ERROR .050 
FRArTIONAl ERROH .041 
FRACTIONAL ERROR .084 

ZERO p. lIFETIME 
H.P. Q CONSTANT 
QUENCH PRES SURF 

60.41 MICRO SEC 
19.20 E·11 CC/MOlEC SEC 
2.64 MTORR . 

--------------------.--------------.-----------.-----.----------------------------------------------~---------
LEAST SOUA~fS FIT FOP 111 DATA 

COEFFICTFNTS FOR FITTING FUNCTION 
FRACTIONhL ~RR9RS I~ COEFFICIENTS 

t~TERCEPT. 2q13 
H.P. SLOPE 1394 MTORR-l 
Q RATTO .478 MTORR-l 

FUNCTION TYPE F(1) 

7..913E·03 1.394E.03 
5·518E-02 2.317E-02 
\ 

FPAr.TIONAl ERROR .055 
~RAr.TIONAl ERROR .023 
FRACTIONAL ERROR .07\ QUENCH PRESSURE 2.09 MTORR 

XBL 688-5750 

I 
I-' 
\Jl o 
I 



FXCITATlnN WAVtLENGTH 400n A nBSE~VATION FILTf~ NO. 2 (22170 CM-!) 14 DATA POINTS 

--------------------.----------------------------------~------------------------------------------------------
PRF~55U~[ SIO) 5(-90) [10) FI-qO) l/R 1/1 LIFETIME E IR) E III 

M TORR MICROSEC 
1.01 1021,::1 11(160 .020 .009 .911 4421 48.50 .022 .010 
1.09 1010;0 11R9i? .1122 .O)? .854 4)52 S).80 .O?S .014 
) • <;2 9534 9838 .017 .012 .969 50~0 45.62 .021 .012 
1.S4 91bC; 96E16 • r'2S .OOC! .946 5154 46.72 .029 .010 
3.16 91 07 7117 .006 .01? 1.280 6817 34.55 .013 .n09 
4.77 A95C; 5'5 t'! 2 .nns .OOC! 1.610 8058 27.46 .010 .005 
"'.77 8377 5107 .Cn8 .004 1.640 lH03 "26.95 .009 .004 
4.78 90?~ 5546 .007 .007 1.627 80 44 27.17 .0)0 ~OOS 
9.,,(1 (''160; 2867 .UO? .004 2.429 1(1277 18.20 .004 .002 

10.20 f-)4n 23~O .005 .009 2.580 14159 17.14 .010 .004 
16.20 497) D97 .on2 .007 3.558 18644 12.42 .007 .002 
30.30 308,. 485 .005 .01A 6.363 31"23 6.95 .0)9 .005 
45.60 2060; ?3A .007 .026 8.b7b 47791 0;.10 .027 .007 
48.10 J811 184 .003 .030 9.842 54654 4.49 .630 .003 

--------------------.-----------.----------------------------------.------------------------------------------
LE AST SQtfARFS F IT FOR llR DATA FUNCTION TYPE F (1) 

COfFFICTfNTS fOR FITTING FUNCTION 6.9?7I:-01 1.P67E-Ol 
FRACTION~L ~P~ORS, IN COEFFICIENTS 2.231(-02 2.1&6E-02 

If"TERCE:PT .6c,,3 FPArTIO~AL ERROW .~22 ZERO p. LIFETIME 63.R3 MICRO SEC 
H.p. SLOP!,: .1A7 f.iTOPW-l FRArTIoNAL FRROR .02~ H.P. Q CONSTANT 12.96 E-l1 CC/MOLEC SEC 
Q ~ATJO .269 MTORR-l FRArTIONAL ERROR .041 QUfNC~ PRESSURE 3.71 ,..TORR 
--------------------.-----------------------------------------------------------------------------------------
LEAST SQUARES FIT FOR 111 DATA 

COEFFICIF.NTS FOR FITTING FUNCTION 
FRACTIONAL ERPORS TN COEfFtCIENTS 

It-<TERCFPT 3436 
~.P. SLOPE 985 MTOpR-l 
Q ~ATI0 .287 ~TORR-l 

f UillCTtON TYPE 

3.436£-03 
3.494[-02 

F (1) 

FRArTIONAL ERROW .03; 
FRArTIONAL ERRoR .025 
FRACTIONAL ERROR .OS4 

9.P50F.:-02 
2.0;32£-02 

QUENCH PRESSURE 3.49 MTORR 

XBL 688-5751 

• I-' 
\J1 
I-' 
I 

/" 



EXCITATION WAVELENGTH 4000 A OBSERVATION fILTER NO. 3 (21460 CM-l) 12 DATA POINTS 
--------------------.-----------------------------------------------------------------------------------------PRESSURE S(O) 5(-90) E(O) E(-901 IIR 111 LIfETIME E(RI E ClJ 

M TORP MICROSEC 
1.05 15(1)9 17288 .011 .014 .920 2882 4R.04 .018· .015 
1.n9 188lR 20024 .017 .01)3 .940 2492 47.04 .017 .003 
1.54 18Ml 18812 .011 .005 .989 2658 44.71 .012 .005 
1.59 17195 17358 .007 .005 .991 2880 44.63 .009 .005 
3.~7 16517 12365 .003 .006 1.336 3880 33.10 .007 .004 
4.78 15470 9718 .002 .006 1.592 4f135 27.77 .006 .004 
4.78 15041 9769 .004 .004 1.540 4676 28. T1 .006 .003 

10 .... ' \1913 4914 .001 .004 2.424 7174 18.24 .004 .001 
]5."" 912n 2788 .003 .009 3.271 10028 13.51 .009 .003 
3""30 5699 9,,5 .003 .013 5.906 17058 7.49 .013 .003 
48.10 3211' 385 .004 .01F.1 8.343 30692 5.30 .018 .004 
48.10 322; 377 .003 .021 8.546 30617 5.17 .021 .003 

--------------------.------------------------------------------------------------------------------.----------
LEAST SQUARES FIT FOR llR DATA fUNCTION TYPE f (11 

COEffICJfNTS fOR ftTTING FUNCTION 7.445E-Ol 1.~86E-Ol 
FRACTIONAL ERRORS IN COEFFICIENTS 1.467E-02 1.950E-02 

I~'Te:RCEPT .744 fRArTIONAL ERROR .015 ZERO p. LIFETIME 59.39 MICRO SEC 
H.P. SLOPE .1"9 MTORR"1 FRArTIONAL ERROR .020 H.P. Q CONSTANT 11.71 E-l1 CCIMOLEC SEC 
Q RATIO .226 MTORR-} FRACTIONAL ERROR .032 QUENCH PRESSURE 4.42 MTORR 

------------------.---------------------~--------------------------------------------------~-------------------LEAST SQUARES FIT FOR 1/1 DATA 

COEFFICI~NTS FOR FITTING. FUNCTION 
FRACTIONAL ERRORS IN COEFFICIENtS 

INTERCEPT 1988 
H.P. SLOPE ~4R HTORP-l 
Q RATIO .?75 .MTORR-l 

fUNCTION TYPE F(l) 

1.988E.03 5.476E.02 
4.557E-02 3.510E-02 

FR~r.TIONAL ERROR .046 
FRArTIONAL fRROR .03S 
FRAr.TIONAL ERROR .071 QUENCH PRESSURE 3.63 MTORR 

XBL 688-5752 

1 
I-' 
'l'I'3 
I. 



EXCITATION WAVELENGTH 4000 A OBSERVATION fILTER NO. 4 (20790 CM-1) 12 DATA POINTS ____ • ___________________________________________ ~ ______________________________ . ______________________________ 0 

PFlESSUPE 5(0) 5(-90) E(OI E(-90) llR 1/1 LIfETIME E(RI E(U 
"" TORR MICROSEC 

1.Cl 1E10137 21240 .008 .004 .El52 2324 51.92 .009 .005 
1.09 17139 20016 .007 .005 .856 2468 51.63 .009 .006 
1.~2 1701e; 18168 .005 .001 .937 2746 47.21 .005 .001 
1.~Q 16371 17223 .004 .008 .951 2899 46.51 .009 .008 
3.'" lAQf>1o 12774 .Cl03 .004 1.164 3870 37.99 .005 .003 
4.77 1403? 10606 .01)3 .002 1.323 4535 33.42 .004 .002 
4.78 1588~ 11437 .005 .005 1.389 4146 31.83 .007 .004 
9.60 12539 6120 .001 .004 2.049 6441 21.58 .004 .002 

16.20 9225 3259 .003 .006 2.831 9637 15.62 .007 .003 
30.30 675n 1370 .005 .007 4.927 14229 8.97 .009 .005 
45."0 4?5? 591 .002 .016 7.195 23073 6.14 .016 .002 
48.10 394n 544 .on3 .016 7.243 24906 6.10 .fi16 .003 

------------.--------------.-------------------------.--------------------------------------~-----------------LEAST SQUARfS FIT FOR llR DATA 

COEFFICIfNTS FOR FITTING FUNCTION 
FRACTIONAL ~PRORS IN COEFFICIENTS 

INTERCEPT 
H.P. <;LOPE 
Q RATIO 

.721 

.135 MTORR-l 

.188 MTORR-I 

FUNCTION TYPE F(l) 

7.214E-Ol 
1.225E-02 

FRACTIONAL ERROR .011 
FRACTIONAL ERROR .019 
FRACTIONAL ERROR .029 

1.353E-Ol 
I.El90f.-02 

ZERO p. LIFETIME 
H.P. Q CONSTANT 
QUENCH PRESSURE 

61.29 MICRO SEC 
9.39 E-11 CC/MOLEC SEC 
5.33 MTORR 

-----------------------------------------------------------------------------------.. -------------------------
LEAST SQUARES FIT FOP 1/1 DATA 

COEFFICIENTS FOR FITTING FUNCTION 
FRACTIONAL fRRORS IN COEFFICIENTS 

INTERCEPT 2051 
H.P. SLOPE 455 MTOPR-l 
Q RATIO .222 MTORR-l 

FUNCTION TYPE F(t) 

2.051E·03 4.553E.02 
3.969E-02 3.493E-02 

FRACTIONAL EPROR .n4D 
FRACTIONAL ERROR .035 
FRACTIONAL ERROR .065 QUENCH PRESSURE . 4.50 MTORR 

XBL 688-5753 

~ 
( 



EXCITATION wAVELENGTH 4000 A OHSERVATJON FILTER NO. 5 (20370 CM-1) 11'1 DATA POINTS 
--------------------.---------------------------_."---------------------------------------.-------------~------PRESSURE 5(0) 5(-90) E(O) E(-901 llR }II LIFETIME EIR) E (1) 

,.. TI'!s;jR MICROSEC 
1.05 17('29 20779 .l1n9 .01B .848 2374 52.11 .020 .021 
1.54 1F1411~ 19134 .008 .01'14 .962 2611 45.95 .009 .1'104 
1."'9 18334 19297 .009 .004 .950 2588 46.53 .010 .004 
3.4'7 17q74 15234 .on4 .003 1.180 3?38 37.47 .005 .003 
4.7A 1(,I~iI 11801 .01'13 .005 1.367 4n3A 32.34 .006 .01'14 

1/).4'0 12222 6148 .0~1 .00f, 1.988 6530 22.24 .1'106 0002 
15.(\~ 11055 4267 .0,,1 .01" 2.591 7A73 17.06 .016 .004 
30.30 b71~ 1465 .001 .022 4.SA2 14219 9.65 .n22 .002 
48.10 4199 605 .on2 .01f, 6.940 23331 6.37 .1116 .002 
48.10 424? 647 .n02 .OO~ 6.556 23038 6.74 .01)5 .002 

--------------------.-----------.-----------------------------------------------------------------------------
L ~ AST SOIlARE'S f IT FOR llR DATA FUNCTION TYPE F (11 

COfFFICJ(NTS FOR FJTTING FUNCTION 7.549E-Ol 1.243E-0'1 
FRACTTONAL ~RRORS IN C~EFFICIENTS 1.432F:-0? 2.105E-0? 

IIliTERCEPT .755 FRArTIONAl ERROR .014 ZERO.P. lIFETIME 58.56 MICRO SEC 
H.P. SLOPE' .124 MTORR-l FRArTIONAL ERROR .021 H.P. Q CONSTANT 8.63 E-l1 CC/MOlEC SEC 
Q RATIO .165 MTORR-l F~ArTIONAL ER"Ok .032 QUENCH PRESSURF 6.n7 MTORR 
--------------------------------------_._---------------------------------------------... --------------------~ 
LEAST SQUARE~ FIT FOg III DATA 

COEFFICIFNTS FOR FITTING FUNCTION 
FRACTIONAL ERRORS IN COEFFICIENTS 

INTERCEPT lQ2t 
H.P. SLOPE 426 MTORR-l 
o RATIO .?22 MTORR-l 

FUNCTION TYPE F(l) 

1.921E.03 4.~61E.02 

2.743E-02 2.100E-02 

FRArTIONAl ERROR .027 
FRACTIONAL ERROR .021 
FRArTIONAl ERROR .042 QUENCH PRESSURE 4.51 MTORR 

XBL 688-5754 

J 
I-' 
\Jl 

r 



EXCITATION ~AV~LENGT~ 4000 A nBS~RVATION FILTER NO. ~ (19960 C/ol-U 14 DATA POINTS 
----.--.-------------.-----------------------------------------------------------------------------------------PRFSSUPf 

", lQQ\: 

1.('5 
1.S? 
1. c,Q 
3.1~ 

4.77 
4.7R 
9. ~ll 

l(l.?O 
1h.20 
30.30 
3('.~O 

3(1.30 
4S.hl) 
411.10 

SID) 

1f>7M, 
1M?? 
16R35 
IhnA~ 

1"677 
17P?; 
14252 
1340c) 
116?f. 

7517 
ROOn 
8024 
532", 
4QOR 

S(-90) 

20389 
18451 
18574 
15157 
13114 
138('3 

8090 
"9113 
4414 
1720 
1Rnl 
1892 

1311 
125 

E(O) 

.012 

.014 

.013 

.007 

.001. 

.004 

.Ons 

.001 

.003 

.n04 

.(101 

.003 

.(1)1 

.(1(14 

.E (-90) 

.004 

.007 
• DO!,; 
.007 
.005 
.004 
.• 004 
.004 
.009 
.009 
.OOC) 
.009. 
.016 
.014 

I/H 

.819 

.901 

.906 
1.061 
1.272 
1.289 
1.762 
1.920 
2.634 
4.370 
4.442 
4.241 
6.117 
6.770 

lIJ 

2404 
2695 
2679 
3293 
3705 
3503 
5307 
5R67 
7518 

12641 
11897 
11806 
182&0 
1994(1 

LIFETIME 
MICROSEC 

53.96 
49.07 
48.78 
41.61. 
34.76 
34.?9 
25.10 
23.02 
16.78 
1 0.12 
9.95 

10.42 
7.23 
6.53 

E (R) 

.013 

.016 

.n14 

.1'110 

.008 

.006 

.006 

.004 

.009 

.OH 

.009 

.009 

.1'116 

.015 

E (1) 

.005 

.008 

.006 

.007 

.004 

.003 

.003 

.002 

.003 

.004 

.001 

.003 

.001 

.004 
-----------------------------------------------------------------------------------------------~--------------LEAST SQUARES fIT FOP llR OATA 

rOEFFICIFNTS FOR FITTING FUNCTION 
FRACTTONAL EPPORS IN COEFFICIENTS 

INTE'"CEPT 
.... P .• SL OPf 
(') RATTO 

.705 

.11A MTORR-l 

.167 MTOPP-l 

FUNCTION TYPE F(l) 

7.0S6F.-01 1.181E·Ol 
).33P[-02 1.568E-02 

FR~rTIONAL ER'"OH .~13 

FPArTTONAL ERROR .016 
FRACTIONAL ERROR .027 

ZERO p. LIFETIME 
H.P. Q CONSTANT 
OUENCH PRESSURE 

62.67 MICRO SEC 
S.2n E-l1 CC/MOLEC SEC 
S.en Io4ToRR 

-----.--------------.-----------------.-----------------------------------------------------------------------
Lt::AST .SOUAI<E5 F IT FOg 11 I OAT A 

rOEFFICIENTS FOR FITTING FUNCTJON 
FRACTJON6L ERRORS IN COEFFJCIE~TS 

ThTERCEPT 2r.94 
~.p. SLOPE 342 MTORP-l 
Q RATTO .163 ",TORH-l 

" 

FUNCTION TYPE F(l) 

2.094£+03 3.421E+02 
2.70RE-0? 2.157E-02 

FPArTlONAL ERPO~ .027 
FR~rTIONAL FRROk .022 
FRAr.TIONAL ERROR .043 QUENCH PRESSURE 6.12 MTORR 

XBL 688-5755 

~ 
\Jl 
\Jl 
I 



EXCITATION WAVELENGT~ 4000 A OBSERVATION FILTER NO. 7 119350 CM-1) 12 DATA POINTS 

---------------------------------~---------------------------------------------------------------------------~ PRESSUFlE 5(01 5(-901 E(O) E(-90) 11R III LIFETIME E(R) E(U 
foil TORR MIr.ROSEC 

1.r) 2057) 25483 .009 .003 .807 1918 54.77 .009 .004 
1.(19 2tl46$1 24989 .OC6 .009 .819 1962 53.97 .011 .011 
1.52 2005, 22046 .009 .004 .910 2258 48.61 .010 .004 
1. C;9 206(,~ 21744 .on7 .006 .950 2296 46.52. .009 .006 
3.16 1834n 17213 .004 .007 1.1)65 2899 41.49 .008 .007 
4.77 18363 15216 .003 .005 1.207 3229 36.63 .006 .004 
4.78 1982ii 16223 .003 .006 1.222 3(121 36.19 .007 .005 
9.60 16014 9692 .002 .002 1.652 4570 26.76 .003 .001 

16.;>0 12533 5385 .002 .004 2.327 6735 19.00 .004 .002 
30.~0 9466 2385 .002 .002 3.969 9934 11.14 .003 .002 
45.60 633~ 1117 .001 .005 5.670 15314 7.80 .005 .001 
48.)0 ~871 975 .002 .007 6.022 16576 7.34 .007 .002 

":--. 

--------------------.----------------------------------------------------------------------)-----------------~ 
LEAST SQUARfS FIT FOR llR DATA FUNCTION TYPE Fn) 

COEFFICIFNTS FOR FITTING FUNCTION 7.449E-01 1.145£-01 2.659E-1I2 
FRACTIONAL fRROFlS IN COEFFICIENTS 2.757E-02 6.970E-02 8.070E-Ol 

INTERCEPT .745 FRACTIONAL ERROR .028 ZERO p. LIFETIME 59.35 MICRO SEC 
H.P. SLOPE .1lS MTORR-l FFlACTIONAL ERROR .070 ~.P. Q CONSTANT 7.95 E-l1 CC/MOlEC SEe 
o RATTO .154 t-4TORR-1 FRACTIONAL ERROR .061 QUENCH PRESSURE 6.51 MTORR 

VARIANCE RATIO COMPAPED TO LINEAR FIT, 1.1 FOR ( 1. 9) DEGREES FREEDOM 

--------------------.----------------------------------------------------------------------------------------~ 
LEAST SOUARES FrT FOP lIt DATA 

COEFFICIENTS FOR FITTING FUNCTION 
FRACTIONAL ~RRORS IN COEFFICIENTS 

INTERCEPT 1730 
~.p. SLOPE 296 MTOPR-l 
Q RATJO .171 t-4TOPR-1 

FUNCTION TYPE 

1.730E·03 
2.9A4E-02 

F (n 

FRACTIONAL ERROR .030 
FRACTIONAL ERROR .030 
FRACTIONAL ERROR .052 

2.Q65E+02 
3.000E-02 

QUENCH PRESSURE 5.B4 HTORR 

XBL 688-5756 

". 

I 
I-' 
\J1 
0\ • 



EXCITATION WAV~LENGTH 4000 A OBSERVATION FILTER NO. 9 117880 CM-ll 13 DATA POINTS 

--------------------.-----------------------------------------------------------------~----------------------." PRE!'SURE 5(0) S(-QO) E(n) E(-90) llR 1/1 LIFETIME EeR) rU) 
M TORR MICROSEC 

1.0] 21)687 247?5 .(112 .006 .837 1991 52.84 .013 .007 
1.09 20A8" ~-7118 .010 .011 .77n 1783 57.40 .015 .. 014 
1.5i.' 19i?8Q 22895 .014 .006 .842 2152 52.47 .015 .007 
1.<;9 190(,R 23289 .(104 .007 .R19 2105 54.00 .0,,8 .008 
3.16 1768" 18467 .008 .008 .958 2705 46.16 .(111 .008 
4.77 1933" 18828 .0"2 .004 1.027 2655 43.05 .004 .004 
4.77 1797c; 17164 .nOA .002 1.047 2910 42.22 .008 .002 
4.78 19568 18155 .OI;? .001 1.078 2746 41.02 .(112 .001 
9.60 17345 12972 .004 .006 1.337 3697 33.06 .007 .004 

1".20 15132 7946 .on4 .007 1.904 5180 23.22 .008 .004 
3n.30 11914 3619 .n02 .009 3.292 7684 13.43 .009 .002 
45.f.O 8257 1866 .001 .002 4.425 11522 9.99 .002 .001 
48.1n 77(17 1661 .0(12 .009 4.640 12399 9.53 .009 .002 

----------------------------------~-----------------------------------------------------------------------.---LEAST SQUARES FIT FOR llR DATA FUNCT I ON TYPE F (3) 

COEFFICIENTS FOR FITTING FUNCTION 7.490E-Ol 9.349E-02 5.529E-02 
FRACTIONAL ERRORS IN COEFFICIENTS 2.885£-02 4.093E-02 3.067E-01 

INTERCEPT .749 FRArTIONAL ERROR .(129 ZERO p. LIFETIME 59.03 MICRO SEC 
H.P. SLOPE .093 MTORR-l FP~r.TIONAl ERROR .041 H.P. Q CONSTANT 6.49 E-l1 CC/MOlEC SEC 
Q RATIO .125 MTORR-l ~ArTIONAl ERROR .038 QUENCH PRESSURE 8.01 MTORR 

VARIANCE RATIO COMPAPED Tn LINEAR FIT. 9.9 FOR ( 1.10) DEGREES FREEDOM 

--------------------.--------------------------------------------------------------------------------~--------. LEAST SQUARES FIT FOR III DATA 

COEFFICIFNTS FOR FITTING FUNCTION 
FRACTION~l ERRORS IN COEFFICIENTS 

INTERCEPT 1750 
~.P. SLOPE 211 MTORR-l 
a RATIO .121 MTORR-l 

FUNCTION TYPE Ftl) 

1.750E·03 2.115E.02 
2.964(-02 3.~34E-02 

FRArTIONAl ERROR .030 
FRACTIONAL ERROR .03~ 
FRACTIONAL ERROR .058 QUENCH PRESSURE' 8.27 MTORR 

XBL 688-5757 

I 
I-' 

~ 
( 



EXCITATION WAVELENGT~ 4000 A ORsERVATION FILTEP NO. 10 116960 CM-l) 12 DATA POINTS 

--------------------.----------------------------------------------------------------------------------------~ PRFSSURE 5(0) 51-90) EIO) EI-90) 1/R 1/1 LIFETIME EIR) E (I) 
'" TCRR "'H:ROSEC 

1 • n 1 23444 31763 .012 .009 .738 1504 ~9.qO .015 .012 
1. ~2 23797 29520 .0(19 .007 .80b 1655 54.85 .011 .009 
1.'54 2391~ 30060 .010 .008 .79,. 1621 55.57 .013 .010 
3.?7 2346A 25~51 .004 .003 .908 19"5 48.70 .Oos .003 
4.77 19821 20638 .O(\!) .004 .960 2421 46.03 .006 .004 
4.7P 2i399 22004 .(\08 .005 .973 2271 45.46 .009 .005 
9.1'.0 1';'967 16273 .001 .004 1.227 3010 36.04 .004 .003 

Ib.70 17?8R 10353 .001 .005 1.£>70 4258 26.48 .005 .003 
~(1.~(1 13778 4993 .0-03 .004 2.759 6415 16.02 .005 .002 
30.30 148~Q 5351 .001 .005 2.773 5964 15.94 .005 .001 
4<;.~1) 1003(1 25(12 !'I. .OO? 4.009 9386 11.03 .002 .000 
48.10 93A/I 2301 .(\03 .009 4.076 10056 10.85 .009 .003 

------------------.-.-----------------------------------------------------------------------------------------LEAST SQUARES FIT FOR lIP DATA 

COEFFICIFNTS FOR FITTING FUNCTION 
FRACTTONAL ERRORS IN COEFFICI€NTs 

INTERCEPT 
H.p. SLOPE 
(.) RATTO 

.726 
• ('.Rl MTORR-l 
.112 MTOR~-l 

FUNCTION TYPE F(3) 

7.260E-Ol 
2.309r:-O? 

FRACTIONAL ERROR .023 
FRArTIONAL ERROR .025 
~RACTIONAL fRROR .024 

8.118E-02 
2.<;18E-02 

5.520E-02 
2.116£-01 

ZERO P. LIFETIME 
H.P. Q CONSTANT 
QUENCH PRESSURE 

VARIANCE RATIO COMPARED TO LINEA~ FIT. 22.9 FOR I 1. 9) DEGRE£S FREEDOM 

60.90 MICRO SEC 
5.64 E-l1 CCIMOLEC SEC 
8.94 ,..TORR 

--------------------.-----------------------------------------~-----.------------~-~----------~----------------LE.AST SQUARES FIT FOR III DATA 

,rOEFFICIENTS FOR FITTING FUNCTION 
"kACTTONhL ~RPORs TN COEFFICIENTS 

lqERCEPl 1391 
H.P. SLOPE 170 MTORR-l 
Q RATTO .122 "'TORP-l 

FUNCTION TYPE F(1) 

1.391E+03 1.703E+02 
2.9~OF-~2 2.980E-02 

FRArTIoNAL ERROR .030 
FRACTIONAL ERROR .030 
FPArTIONAL ERROR .OS~ QUENCH PRESSURE 8.17 MTORR 

XI3L 688-5758 

I 
I-' 
\J1 
CO 
I 



FXCITATlnN ~AVELENGTH 4000 A n~SERVATION FILiEP NO. 11 <15850 CM-1I 12 DATA POINTS 

--.------------------.--------------------------------------------------------------------------------------.--PRES!'.llPE SCO) SC-90) fCO) I:C-90) I/H 1/1 LIFETIME ECH) E (1) 
M TORR MIrROSEC 

1.05 1636" 22611 .019 .OO~ .724 2101 1,1.08 .021 .012 
1.52 Ib790 21973 .011 .007 .764 2196 57.8(, .013 .009 
1.<;9 1657(i 2161'S .017 .010 .766 2233 57.70 .020 .013 
3.16 15493 19049 .(lOR .006 .813 2570 54.36 .010 .007 
4.77 1639q 192M .0(14 .004 .A50 2559 51.99 .006 .005 
4.78 18521, 21498 .008 .004 .862 2300 51.30 .009 .005 
9.f>0 17744 17457 .002 .004 1.016 2864 43.49 .004 .004 

Ift.2(1 1,,25R 11448 .(102 .006 1.420 4112 31.13 .006 .004 
30.30 1469n 5Qeo .002 .008 2.457 5f140 ]8.00 .ooe .003 
30.10 13983 5626 .003 .OOe:; 2.485 6155 17.79 .006 .003 
45.60 1011)7 3037 .002 .005 3.328 9075 13.28 .005 .002 
48.10 9614 2600 .005 .01? 3.721 9641 11.88 .013 .00s 

--------------------.-----------.-----------------------------------------------------------------------------
LfAST SQUARFS FIT FOR llR DATA 

COEFFICIFNTS FOR FITTING FUNCTION 
FRACTION~L ~RPOHS IN COEFFICIENTS 

INtE~CEPT 
H.P. SLOPE: 
Q RATIO 

.7"2 

.(173 MTORR-l 

.096 MTORR-l 

fUNCTION TYPE: F(3) ,.--J 

7.622£-01 7.280E-02 1.138E-1I1 
1.925E-Ol 4.139E-02 2.629E-02 

F~ArTIONAL ERROR .041 
FPArlIONAL tRROR .02~· 
FRArTIONAL ERROR .038 

ZERO p. LIF~TIME 
H.P. Q CONSTANT 
QUENCH PRESSURE 

VARIANCf RATIO COMPAR[D TO LINEAH FIT, 47.0 FOR C I. 9) OEGWFES FREEDOM 

58.00 MICRO SEC 
5.06 E-l1 CC/MOLEC SEC. 

10.47 MTORR 

---------------~------------------------~--------------------.-.---------------------------------------~------~ L~AST SOUARES FIT FOR 111 DATA 

COEFFICIENts fOR FITTING FUNCTION 
FRACTIO~AL FPRORS IN COEFFICIENTS 

TNTEPCEPT 2159 
H.P. SLOPE )84 MTORR-l 
Q RATJO J .(lIlS MTORR-l 

FUNCTION TYPE F13) 

2.159E+03 
S.719E-02 

FRArTIONAL ERROR .058 
FRAr.TIONAL ERROR ,040 
FRACTIONAL ERROR .053 

1.~39E+02 
3.973E-02 

7.85n:-02 
3.509(-01 

QUENCH PP"ESSURE 11.75 M TORR 

VARIANC~ RATIO COMPARED TO LINEAR FIT, 11.8 FOR C 1. 9) DEGRfES FREEDOM 

XBL 688-5759 

~ 
Q13 
a 



EXCITATION.WAVELENGT~ 4000 A OBSERVATION FILTER NO. 12 115130 CM-l) 12 DATA POINTS 
--------------------.-----------------------------------------------------------------------------------------PRESSURE SIO) SI-90) E(n) EI-90) llR 111 LIFETIME EIR) E (lJ 

M TORR Mlr.ROSEr. 
1.01 14531 21355 .022 .011 .680 2178 64.97 .025 .017 
1.05 14220 204]4 .024 .022 .697 2<,97 63.47 .033 .031 
1.52 140t./! 19756 .013 .009 .712 2392 62.08 .016 .013 
].54 15659 20903 .009 .0]1 .749 2296 59.01 .014 .014 
3.16 15517 19228 .009 .003 .807 2542 54.78 .009 .004 
4.77 15135 ]S442 ."006 .004 .82] 2659 53.87 .007 .005 
4.78 15834 19439 .004 .003 .815 2519 54.28 .005 .004 
9.60 15145 16017 .001 .001 .946 3117 46.76 .001 .001 

16.20 14603 11268 .002 .001 1.296 4292 34.11 .002 .001 
30.30 13459 6088 .004 .OOR 2.211 6168 20.00 .009 .004 
45.60 986" 3183 .onl .OO? 3.100 9180 14.26 .002 .001 
48.10 93114 2790 .001 .008 3.335 9861 13.26 .008 .002 

---------------------------------------------~------------------------------.-----------------.---------------LEAST SQUARES FIT FOR llR DATA 

COEFFICIENT5 FOR FITTING FUNCTION 
FRACTIONAL ERRORS IN COEFFICIENTS 

INTERCEPT 
H.P. SLOPE 
Q RATIO 

.721 

.064 MTORR-l 

.089 MTORR-l 

fUNCTION TYPE F(3) 

7.206E-Ol 
4.467E-02 

FRACTIONAL ERROR .045 
FRArTION~L ERROR .038 
FRACTIONAL ERROR .044 

6.417E-02 
3.789E-02 

9.418E-02 
2.460E-Ol 

ZERO p. LIFETIME 
H.P. Q CONSTANT 
QUENCH PRESSURE 

VARIANCE RATIO COMPARED TO LINEAR FIT, 27.7 FOR I I, 9) DEGREES FREEDOM 

61.35 MICRO SEC 
4~46 E-l1 CC/MOLEC SEC 

11.23 MTORR 

--------------------.-----------------------------------------------------------------------------------------LEAST SQUARES FIT FOR 111 DATA fUNCTION TYPE F (3) 

COEFFICIENTS FOR FITTING FUNCTION 2.216E·03 1.877E·02 6.202E-n2 
FRACTIONAL ERRORS IN COEFFICIENTS 3.041E-02 2.873£-02 2.369E-Ol 

INTERCEPT 2216 FRArTIONAL ERROR .030 
H.P. SLOPE 188 MTORR;'l FRArTIONAL ERROR .029 
~ RATIO .!lSS MTOPR-l FRArTIONAL ERROR .031 QUENCH PR'ESSURE 11.80 MTORR 

VARIANCE RATIO COMPARED TO LINEAR FIT, 20.7 FOR ( I, 9) DEGREES FREEDOM 

XBL 688-5760 

I 
~ 

8' 
t 



EXCITATION WAVELENGTH 4000 A OBSERVATION FILTER NO. 13 114270 CM"1) 12 DATA POINTS 
------------.-------.----.-.---------------------------------------------.------------------------------------PRESSURE - S(O) 5(-90) E(O) [(-90) l/R 1/1 LIFETIME E(R) E (1) 

M TORR MICROSEC 
1.01 16955 23038 .016 .012 .736 2072 60.07 .020 .016 
1.09 1596;:> 23298 .021 .009 .fl85 2001 64.53 .023 .014 
1.52 1573::> 21320 .019 .014 .738 2241 59.91 .024 .019 
1 • .,9 1532n 20745 .n15 .008 .738 2304 59.8" .017 .011 
3.16 14255 17706 .012 .003 .805 2759 54.91 .012 .004 
4.77 15390:; 19090 .003 .006 .806 2560 54.82 .007 .007 
4.78 15737 19802 .004 .003 .795 2460 55.63 .005 .004 
9.60 15364 17144 .002 .006 .f\96 2899 49.33 .006 .007 

16.20 15545 12736 .C02 .002 1.221 3849 36.22 .003 .002 
30.30 14311 7105 .003 .006 2.014 56{16 21.95 .007 .003 
45.60 108B3 3741 .003 .007 2.909 8218 15.20 .OOA .003 
48.10 9934 3225 .003 .005 3.080 9107 14.35 .006 .003 

--------------------.-----------------------------------------------------------------------------------------LE AST SQUARES F IT FOR 11R DATA FUNCTION TYPE F(3) 

COEFFIClfNTS FOR FITTING FUNCTION 7.470E-01 5.937E-02 1.021E-Ol 
FRACTIONAL ERPORS IN COEFFICIENTS 4.325E-02 3.517£-02 2.179E-01 

INTERCEPT .747 FRACTIONAL ERROR .043 ZERO P. LIFETIME 59.18 MICRO SEC 
H.P. SLOPE .059 MTORR-l FRArTIONAL ERROR .035 H.P. Q CONSTANT 4.12 E-ll CC/MOLEC SEC 
Q RATTO .079 MTORR-} FRACTIONAL ERROR .042 QUENCH PRESSURE ]2.58 MTORR 

VARIANCE RATIO COMPARED TO LINEAR FIT. 36.9 FOR ( 1. 9) OEGREES FREEDOM 

------------------------------------~-----------------------------------------.---------~------~--------------LEAST SQUARES FIT FOR 1/1 DATA, 

COEFFICIENTS FOR FITTING FUNCTION 
F~ACTIONAL ERRORS IN COEFFICIENTS 

INTERCEPT 2~84 
H.P. SLOPE 165 MTORR-l 
Q RATTO .079 MTORR-l 

FUNCTION TYPE F(3) 

2.084E+03 
5.300£"-02 

FRArTIONAL ERROR .053 
FRACTIONAL ERROR .067 
FRACTIONAL ERROR .063 

1.('.46E+02 
6.719E-02 

4.420E-02 
5.557E-Ol 

QUENCH PRESSURE 12.66 MTORR 

VARIANCE RATJO COMPARED TO LINEAR FIT, 3.7 FOR ( 1, 9) DEGREES FREEDOM 

XBL 688-5761 

., 

~ 
0\ r 



EXCITATION WAVELENGT~ 4000 ~ OHSERVATION ~ILTER NO. ]4 <13320 CM-l) 11 OATA POINTS 
--------------------.----------------------------.--------------------.------------~-----.--------------------

PRESSUPE S(O) 5(-90) I: (I) E(-90) llR III LIFETIME E (R) EtU 
,.. TORR MICROSEC 

].n9 206~R 34976 .,,29 .030 " .591 1252 74.8? .1'142 .047 
1.0::;4 17864 26984 .Of>7 .04? .66? 1706 66.78 .079 .064 
1.0::;0 21650 ?6296 .034 .032 .824 1866 53.67 .047 .039 
3.r7 2000f> ?6A06 .r.n .016 .781 IA03 56.63 .023 .020 
4.78 1A36o; 23717 .£119 .015 .774 2041 57.00 .1'124 .019 

]0.;>0 1~02R 19)79 .1112 .004 .836" 2566 52.9(1 .013 .005 
1O.?n 1611'13 )9521) .1'11'13 .012 .825 2515 53.59 .1'112 .014 
15.n6 1777R 17f>4n .0(17 .011 1.008 2834 43.87 .1'113 .011 
3n.3n 21'1450 10t.74 .ons .008 1.917 3842 23.07 .009 .004 
4R.l(1 13317 4637 .111'18 .016 2.872 6697 15.39 .018 .007 
48.10 13oo;R 4985 .(105 .011 2.800 6354 15.79 .1'112 .Oos 

--------------------.-----------.-----------------------------------------------------------------.-----------
Lf AST Sr.HJARF.:S F IT ~nR llR OAT A 

COEFFICIENTS FOR FITTING ~UNCTION 
FRACTIONAL ~RPOPS !~ COEFFICIENTS 

H;TER(EPT 
~.p. SLOPE 
Q RATIO 

.757 

.1)55 MTORR-1 

.n73 MTORR-I 

FUNCTION TYPE F(3) 

7.570E-01 
1.440E-n l 

FPArTIONAL ERROR .145 
FRArTIONAL FRROR .1'164 
FRACTIONAL ERROR .131 

5.513E-02 
6.400E-02 

1.488E-Ol 
4.665E-Ol 

ZERO ~. LIFETIME 
H.P. Q CONSTANT 
QUENCH PRESSURE 

58.40 MICRO SEC 
3.83 E-l1 CCIMOLEC SEC 

13.73 MTORR 

VARIANCE RATIO COMPARFD TO LINEAR FIT, 14.4 FOR ( I. 8) DEGREES FREEOOM 

--------------------.-----------------------------------------------------------------------------------------
LEAST SQUARI':S FIT FOR III DATA 

COEFFICIENTS FO~ FJTTING FUNCTION 
F~ACTJONAL FRPO~S IN COEFFICIENTS 

INTERCEPT ]444 
H.P. SLOPE 98 MTORR-1 
Q RATIO .068 MTORR-l 

FUNCTION TYPE F(l) 

1.444E+03 9.770E+Ol 
6.4~~E-J2 7.ql~E-02 

FRArTIONAL ERROR .064 
FRArTIONAL F.RROR .1'179 
~RArTIONAl ERROR .12A QUENCH PRESSURF 14.78 MTORR 

XBL 688-5762 

I 
I-' 
R)' 
• 



FXCITATI0N WAVfLENGTH 4000 A 0R~F.RVATI0N FILTEP NO. ]5 112480 CM-1) 12 DATA POINTS 

--------~--~--------------------------------------------------------------------------------------------------PRESSURE 5(0) 51-90) E(O) EI-90) 11R 1/1 LIFETIME EIR) E(U 
M TOR~ MICROSEC 

1.1'5 23464 29R97 .1 ]7 .09ft .785 1624 56.33 .153 .124 
1.e;4 1645" 2366(4 .171 .11? .695 1980 b3.61 .204 .162 
1.59 1225" 26299 .OR5 .110 .41'16 1455 94.91 .139 .189 
3.;>7 151HR 254]3 .1\ 1 .047 .625 1768 70.76 .121 .083 
4.78 1S0R7 24224 .066 .04? .747 1979 !'I9.21 .07A .057 

](1.;>(1 15194 20246 .027. .031 .751) 2371 58.91 .038 .041) 
10.20 1f,Ol'>? 19732 .r28 .015 .814 2481 54.31 .1)32 .019 
15.1>6 16542 18572 .(\19 .010 .891 2674 49,64 .021 .011 
3n.30 18517 ]0926 .006 .017 1.695 401)6 U,.09 .018 .009 
30.30 1H213 10229 .(\10 .008 1.78] 4}14 24.83 .013 .006 
4R.l0 13415 5004 .006 .011'> 2.681 6544 16.49, .1)}7 .006 
4R.I0 12R3" 4936 .010 .025 2.599 6789 17.01 .027 .010 

-------~------------------------------------------------------------------------------------------------------LfAST SQUARES fIl FOP lIP DATA 

COEFFICI~NTS fOR FITTING FUNCTION 
FPACTIONAL ERROUS IN COEFFICIENTS 

llIiTERCEPT 
H.P. SLOPE 
(J RATJO 

.718 

.(153 MTORR-1 

.074 MTORR-l 

FUNCTION TYPE F(3) 

7.}1H-01 
2.767E-01 

FRA(TIONAL ERROR .277 
FRArTJONAl ERROR .031'1 
FRACTIONAL ERROR .?65 

5.327E-02 
3.584E-02 

2.225E-01 
5.790E"01 

ZERO p. LIFETIME 
I:'4.P. Q CONSTANT 
QUENCH PRESSURE 

VARIANCE kATI~ COMPAR£D TO lINEAR FJT, 11.4 FOR I I. 9) DEGREES FREEOOM 

61.61 MICRO SEC 
3.7n E-l1 CC/MOlEC SEC 

13.47 MTORR 

--------------------.-----------------------------------.-----------------------------------------------------
LEAST SQUARE~ FIT FOR 111 DATA 

[OEFFICIFNTS FOR FITTING FUNCTION 
F~ACTTONAL ~RRORS IN COEFFICIENTS 

III.TERCEPT \667 
H.P. SLOPE 121 MTORR-l 
Q RATIO .073 MTOPR-l 

FUNCTION TYPE F(3) 

1.667E+03 
1.040f-Ol 

FPArTIONAL ,ERROR .104 
FRACTIONAL ERROR .051 
FRArTIONAL ERROR .090 

1.215E+02 
5.065E-02 

5.246E-n2 
5.186E-Ol 

QUENCH PRESSURE 13.72 MTORR 

VARIANCF. RATIO COMPARED TO LINEAR FIT. 5.6 FOR I I. 9) OEGRFES FREEDOM 

XBL 688-5763 

" 

I 
I-' 

&' 
I 



EXCIT~TION wAVELENGTH 4300 A ~BSf.RV~TION FILTEP NO. 2 122170 CM-U 17 DATA POINTS 
--------------------.-----------------------------------------------------------------------------------------PRESSURE' 5(0) 51-90) £(0) EI-90) llR 1/1 LIFETIME EIR) E(U 

M TORR MICROSEC 
.47 20532 36997 .100 .019 .555 1147 79.66 .102 .060 

1.1\1 3043; 38150 .014 •. 024 .798 1278 55.42 .028 .029 
1.01 24379 35002 .045 .001 .697 1340 63.41 .046 .018 
1.11 292BII 33B47 .030 .01J .865 1462 51.09 .032 .013 
2.36 31355 29726 .(114 .006 1.055 1680 41.91 .015 .006 
2.36 29213 28322 .(111 .001 1.031 1765 42.B6 .011 .001 
3.49 27145 22279 .001 .009 1.21B 2201 36.28 .011 .007 
5.26 25539 16880 .005 .005 1.513 2725 29.22 .001 .004 
5.26 2618~ 16314 .005 .011 1.605 2751 27.55 .012 .001 

10.20 2037A 8071 .(106 .011 2.525 4242 17.51 .018 .006 
10.20 19695 8092 .006 .005 2.434 4344 18.16 .OOB .005 
16.80 1526t. 4235 .002 .014 3.605 60B2 12.26 .1)14 .003 
16.AO 1538ii 4325 .001 .016 3.556 6025 12.43 .016 .002 
29.(10 8181 1412 .004 .037 5.794 11870 7.63 .037 .004 
29.00 809n 1458 .n13 .014 5.549 11972 7.97 .019 .012 
41.30 5569 636 .onl .039 B.756 17725 5.05 .039 .001 
41.30 5734 696 .007 .029 8.239 17187 5.37 .030 • 007 

---------------------------~-----------------------------------------------------------------------.-_ ... _----lEAST SQU~RES FIT FOR l/R DATA 

COEFFICIENTS FOR FITTING FUNCTION 
FRACTIONAL ERRORS IN COEFFICIENTS 

INTERCEPT 
~.p. SLOPE 
Q RATIO 

.600 

.181 MTORR-l 

.302 MTORR-l 

FUNCTION TYPE Fll) 

5.998E-Ol 1.810E-Ol 
3.031£-02 2.518E-02 

FRA~TIONAL ERROR .030' 
FRArTJONAL ERROR .025 
FRArTIONAL ERROR .05? 

ZERO p. LIFETIME 
H.P. Q CONSTANT 
QUENCH PRESSURE· 

73.71 MICRO SEC 
12.57 E-l1 CC/MOlEC SEC 
3.31 MTORR 

-----------------------------------~----------~---------------------------------------------------------------lEAST SQU~RES FIT FOR III OATA 

COEFFICIENTS FOR FITTING FUNCTION 
FRACTIONAL ERRORS IN COEFFICIENTS 

INTERCEPT 1079 
H.P. SLOPE 3R4 MTORR-l 
Q RATIO .356 MTORR-l 

fUNCTION TYPE Ft3) 

1.·079E+03 
9.183E-02 

FRArTIONAL ERROR .092 
FRArTIONAl ERROR .033 
FRACTIONAL ERROR .083 

3.839E+02 
3.322E"02 

1.287E-Ol 
6.073E-Ol 

QUENCH PRESSURE 

VARIANCE RATIO COMPARED TO .LINEAR FIT, 6.1 FOR I 1~14) DEGREES FREEDOM 

2.81 MTORR 

XBL 688-5764 

/~-

I 
I-' 
0\ 
~ • 



EXCITATION WAVllENGTH 4300 A OBSERVATION FILTER NO. 4 120790 CM-l) 18 DATA POINTS 

---------------------------------------~----------------------------------------------------------------------PRESSURE - 5(0) S{-90) EIO) E(-90) l/R 111 LIFETIME E(R) EIU 
M TORR MICROSEC 

.45 49370. 71316 .n29 .002 .692 656 63.86 .029 .011 

.47 3957~ 744&1 .040 .010 .531 556 83.20 .041 .027 
1.00 57S8C; 77775 .016 .005 .740 615 59.71 .017 .008 
1.01 57837 83301 .014 .010 .694 562 63.68 .017 .• 014 
1.11 57684 79537 .016 .004 .725 598 60.96 .016 .001 
2.36 63847 71360 .006 .002 .895 696 49.41 .006 .002 
2.36 6199" 65185 .oe5 .005 .951 766 46.48 .007 .005 
3.49 61188 58095 .004 .003 1.053 860 41.91 .005 .003 
3.49 60729 58675 .004 .003 1.035 852 42.71 .005 .003 
5.?II 599C;; 46795 .003 .005 1.281 1037 34.51 .006 .004 

10.20 52~33 26499 (I. .003 1.986 1516 22.26 .003 .001 
10.20 52979 273M .001 .003 1.934 1489 22.85 .003 .001 
16.80 40287 14174 • (102 .003 2.842 2209 15.55 .004 .002 
16.8(1 4054? 14163 n. .006 2.863 2198 15.44 .006 .001 
29.00 24999 5347 .003 .006 4.675 3825 9.46 .007 .003 
29.(10 2501~ 5427 .003 .009 4."08 3819 9.59 .009 .003 
41.30 17510 2860 .002 .015 6.122 5563 7.22 .015 .002 
41.30 17579 28)0 .002 .013 6.256 55it7 7.07 .013 .002 

--------------------------------------------------------------------------------~-----------------------------
LEAST SQUARES FIT FOR 1/~ DATA 

COEFFICIENTS FOR FITTI~G FUNCTION 
FRACTIONAL ERRORS IN COEFFICIENTS 

INTERCEPT 
H.P. SLOPE 
Q RATtO 

.575 

.137 MTORR-l 

.238 MTORR-l 

fUNCTION TYPE FIl) 

5.752E-Ol 1.366E-Ol 
2.263F.-02 2.507E-02 

FRACTIONAL ERROR .023 
¥RACTIONAL ERROR .025 
FR~CTJONAL ERROR .044 

ZERO p. lIFETIME 
H.P. Q CONSTANT 
QUENCH PRESSURE 

76.86 MICRO SEC 
Q.49 E-ll CC/MOlEC SEC 
4.21 MTORR 

----------------.--------------.---------------~-------------_.-._--------------------------------------------LEAST SQUARES FIT FOR 111 DATA 

COEFFICIENTS FOR FITTING FUNCTION 
FRACTIONAL ~RRORS IN COEFFICIENTS 

INTERCEPT 548 
H.P. SLOPE 127 MTO~R-1 
Q RATtO .232 MTORR-l 

FUNCTION TYPE FI]) 

5.482E·02 
4.781£-02 

FRArTIONAL ERROR .049 
FRACTIONAL ERROR .027 
FRACTIONAL ERROR .045 

1.270E·02 
2.687E-02 

1.260E-01 
3.334E-01 

QUENCH PRESSURE 

VARIANCE RATIO COMPAQED Tn LINEAR FIT. 14.0 FOR ( le15) DEGREES FREEDOM 

4.32 MTORR 

XBL 688-5765 

I 
I-' 
0'. 
\JI 
I 



FXCITATION WAVELENGTH 430~ A ~HSERVATION FILTER NO. 6 119960 CM·U 20 DATA POINTS 

---------------------------------~----------------------------------------------------------------------------PRE5SUkE 
M TORR 

.4'5 
.. 47 

1.(10 
1.(10 
1.(11 
1 • 11 
2.3" 
2.3" 
3.49 
3.49 
'5.26 
5.26 

10.20 
10.?0 
16.80 
1".80 
29.(10 
29.00 
41.30 
41.30 

5(0) 

90477 
84844 

101639 
8791;0; 
92~47 

103390; 
9<>243 

10011? 
88494 
9927;' 
939111 
8~368 

7831 .. 
77958 
604?1I 
594Rn 
3"384 
36761-
26250 
26524 

51·90) 

117722 
1112"6 
12747A 
106564 
112505 
121805 
94349 

11)2(199 
f!0468 
f!9140 
77.584 
6468} 
40692 
41672 
21937 
21243 

83"5 
81,54 
44E11 
45t)7 

EIO) 

.023 
• r·l1 
.002 
.009 
.(105 
.002 
.Oll3 
.Oll2 
.1'04 
.(11'3 
.Oll2 
.(11'3 
.0(12 
.(102 
.002 
.fllll 
.1'/)2 
.01'\1 
.(1(13· 
.002 

F::I·90) 

.010 

.00" 

.010 

.005 

.003 

.-006 

.001 

.003 

.004 

.OO? 

.005 

.004 

.002 

.001, 

.003 

.006 

.003 

.008 

.OOR 

.002 

1/R 

.769 

.763 

.797 

.EI?5 

.El25 

.849 

.978 

.9~J 
1.100 
1.114 
1.294 
1.335 
1.925 
1.1:171 
2.755 
2.800 
4.350 
4.24A 
5.860 
5.8R5 

111 

410 
433 
382 
461 
436 
4(15 
530 
490 
619 
558 
667 
742 

1005 
998 

1462 
1491 
2610 
2577 
3700 
~664 

LIFETIME 
MJt::ROSF.C 

57.52 
57.98 
55.45 
53.56 
53.57 
52.0R 
45.22 
45.09 
40.2(1 
39.70 
34.17 
33.11 
22.97 
23.63 
16.05 
15.79 
10.16 
10.41 
7.54 
7.51 

EIR) 

.025 

.013 

.010 

.010 

.006 

.006 

.003 

.0(14 

.006 

.004 

.005 

.005 

.003 

.006 

.004 

.006 

.004 

.OOR 

.009 

.003 

F. (U 

.014 

.008 

.012 

.006 

.004 

.007 

.001 

.003 

.004 

.002 

.004 

.003 

.001 

.003 

.002 

.002 

.002 

.001 

.003 

.002 _______________ ._. __ • _____________________________ -__________________________ G ________________________________ _ 

LE AS T SQUARES F IT FOP llR OA TA 

COEFFICIFNTS FOR FITTING FUNCTION 
F~ACTIONAL ~RRORS IN COEFFICIENTS 

I"TERCEPT 
H.P. SLOPE 
Q RATIO 

.711 

.137 "'TOpR-I 

.192 MTORR-l 

FUNCTION TYPE FI31 

7.lJIE·Ol 
f!.8~9f·03 

FRACTIONAL ERROR .009 
FRACTIONAL ERRO~ .020 
FPACTIONAL ERROR .017 

1.3t-9E·01 
1.992f·0? 

3.735E·02 
2.201£-01 

ZE~O p. LIFETIME 
H.P. Q CONSTANT 
QUENCH PRESSURE 

VARIANCE RATIO COMPARED TO LINEAR FIT. 11.9 FOR I 1.17) DEGREES FREEDOM 

62.17 MICRO SEC 
9.51 E·11 CCIMOLEC SEC 
5,eO MTORR 

--------------------~-------------------------~---------------------------------------------------------------LEAST SQUARES FIT FOR 111 DATA 

COEFFJCIENTS FOR FITTING FUNCTION 
FRACTIONAL ERRORS IN COEFFICIENTS 

I"TERCEPT 387 
H.P. SLOPE 85 MTOPR-l 
Q PATIO .219 "'TORR· 1 

FUNCTION TYPE F(~I 

3.IH3F·02 
4.6(10E-02 

F~ArTIONAL ERPOR .(146 
FRACTIONAL ERROR .029 
FRACTIONAL ERROR .044 

A.46AE·01 
2.947E·02 

1.220E·"1 
3.313E-Ol 

QUENCH PRESSURF.: 

VARIANCE RATIO COMPAPED TO LINEAR FIT. 14.2 FOR ( 1.17) OEGREES FREEDOM 

4.57 MTORR 

XBL 688-5766 

I 
I-' 
0'\ 
0'\ 
I 



f~CITATION WAVELENGTH 4300 A OBSERVATION fILTER NO. 7 119350 CM-ll 16 OATA POINTS 
--------------------.-----------------------------------------------------------------------------------------

PRESSUPF 
M T("IPR 

.45-

... 7 
1.(10 
1.1) 
2.36 
2.36 
3.49 
5.?6 

10.20 
]0.20 
1".80 
1f1.1<0 
79.00 
29.1)0 
41.30 
41.30 

SIO) 

8529 3 
80;032 
8243;» 
':1448(1 
83994 
85797 
A~9(,1 

88034 
85267 
8]964 
66]Sq 
65045 
4237", 
439"'4 
31239 
31319 

51-(0) 

118901 
123744 
109833 
112988 
10)751 
1025<;1 
9)614 
79316 
510;06 
50356 
27291 
?8029 
11275 
11477 

5961 
5934 

E I 0) 

.roll 

.(102 

.r09 

.(103 

.005 

.(101 

.004 
• (\I' 3 
• r,ol 
.(\(\2 

.(103 

.(1(12 
/l. 

.002 

.002 

.001 

EI-90) 

.006 

.003 

.004 

.003 

.004 

.004 

.004 

.006 

.004 

.004 

.004 

.003 

.003 

.004 

.009 

.006 

l/R 

.1]1 

.681 

.151 

.748 

.fI?5 

.R31 

.949 
1.11 0 
1.~55 

l.fl2A 
2.424 
2.321 
3.754 
3.833 
5.241 
5.278 

111 

398 
377 
437 
424 
482 
480 
545 
",27 
859 
~86 

1292 
1297 
2206 
2128 
3089 
3082 

LIFETIME 
MICROSEC 

61.63 
"4.34 
58.91 
59.13 
53.56 
52.85 
46.58 
39.83 
26.71 
27.16 
18.24 
19.05 
11.78 
11.53 
8.44 
8.38 

fIR) 

.013 

.004 

.010 

.004 

.006 

.004 

.006 

.007 

.004 

.004 

.Oos 

.004 

.003 

.004 

.009 

.006 

E(l) 

.009 

.004 

.006 

.004 

.OOS 

.00S 

.004 

.005 

.002 

.002 

.002 

.002 

.000 

.002 

.002 

.001 
--------------------------------------------------------------------------------------------------------------
LEAST SQUARES f IT FOR 11R DATA 

COEF~ICIFNTS FO~ FITTING FUNCTION 
FRACTIONAL ERRORS IN COEFFICIENTS 

INTERCEPT 
H.P. 5LOPf 
Q RATJO 

.,,7n 

.126 foITOPR-l 

.1HFI MTORR-l 

FUNCTION TYPE F(3' 

6.71)1f-Ol 
1.291'£-02 

FPArTIONAL ERROR .013 
FkArTIONAL FRROR .014 
F~ArTIONAL ERROR .014 

1.?S8E-(ll 
1.427E-02 

9.49SE-02 
1.216E-1)1 

ZERO p. LIFETIMF 
H.P. Q CONSTANT 
QUENCH PRESSURE 

VARIANCF RATTO CUMPARED TO LINEAR FIT, 62.9 FOR ( 1,13) OEGREES FREEDOM 

65.98 MICRO SEC 
8.74 E-l1 CC/MOLEC SEC 
5.33 MTORR 

---------------------------------------------~---------.---------------_._------------------------------------LlA5T SQUARfS FIT FOR 111 DATA FUNCTION TYPE F(3) 

COEFFICJ~NTS FOR FITTING FUNCTION 3.83t-F+02 7.01'>3E+Ol 1.039E-01 
FRACTIONAL ERRORS IN COEFFICIF.NTS 2.65!>E-02 1.850E-02 2.088E-Ol 

INTERCEPT 384 F~ArTIONAL ERROk .027 
H.P. SLOPF 71 MTORR-l ~RArTIONAL ERROR .OI~ 
Q RATIO .lP4 I'ITORR-l FRArTIONAL ERROR .02~ QUENCH PRESSURE 5.43 MTORR 

VARIANCF RATJO COMPAPED TO LINFAR FIT. 36.9 FOR ( 1,13) OrGRFES FREEDOM 

XBL 688-5767 

{.... 
~ 
J 



EXCITATION ~AVELENGTH 4300 A OBSERVATION FILTER NO. 8 (18950 CM-ll 19 DATA POINTS 
--------------------.------------------------------------------------------------------------------.---------~ PRESSURE SIO, 51-90) EIO) EI"90, 1/R 111 LIFETIME (IR) EIU 

M TORR MICROSEC 
.45- 66679 99986 .008 .006 .667 462 66.29 .010 .009 
.47 75469 114762 .(\06 .005 ."58 400 67.23 .008 .007 
.47 71500 107819 .018 .005 .663 427 66.67 .019 .010 

1.00 8033:? 118993 .C05 .006 .675 390 65.48 .008 .008 
1.11 79542 114953 .003 .002 .692 4(17 63.89 .004 .003 
2.3" 83991 107805 .(104 .004 .779 450 56.74 .006 .005 
2.36 82787 107943 .005 .006 .767 447 57.64 .008 .008 
3.49 85969 98270 .003 .003 .875 504 50.54 .004 .003 
3.49 901'11? 105005 .0(15 .003 .863 471 51.23 .006 .004 
5.?6 88493 86237 .002 .006 1.026 580 43.08 .006 .006 
5.26 9021'19 86642 .001 .002 1.042 577 42.43 .002 .002 

10.20 8848? S8t:l04 .001 .004 1.505 784 29.38 .004 .002 
10.20 8724A 58304 .002 .001 1.496 792 29.54 .002 .001 
16.80 75074 34031 .002 O. 2.206 1105 20.04 .002 .001 
16.80 71824 32413 .(\03 .003 2.216 1157 19.95 .004 .002 
29.(10 48446 13959 .01H .004 3.471 1906 12.74 .004 .001 
29.00 49010 13836 .(\01 .004 3.542 1890 12.48 .004 .001 
41.30 35176 7469 .001 .011 4.710 2720 9.39 .011 .001 
41.30 3563j 7525 .(\01 .007 4.735 2687 9.34 .007 .001 

---------------------------------~---------------------------------------------------------------------------~ LEAST SQUARES FIT FOR l/R DATA 

COEFFICIENTS FOR FITTING FUNCTION 
FRACTIONAL F-RRORS IN COEFFICIENTS 

t"'TERCEPT 
H.P. SLOPE 
Q RATIO 

."54 

.106 MTORR-l 

.162 MTORR-l 

FUNCTION TYPE F14) 

6.536E-Ol 
l.564£"02 

FRArTIONAL ERROR .016' 
FRACTIONAL ERROR .01" 
fPACTIONAL ERROR .028 

2.585E-Ol 
2.344E-Ol 

4.184E-02 
2.986E,,01 

ZERO p. LIFETIME 
H.P. Q CONSTANT 
QUENCH PRESSURE 

VARIANCE RATtO COMPARED TO LINEAR FIT. 144.5 FOR I 2.15) DEGREES FREEDOM 

3.959E-Ol 
3.111E-Ol 

67.64 MICRO SEC 
7.34 E-l1 CC/MOLEC SEC 
6.18 MTORR 

--------------------.-----------.------------------------------------~--~--------------~----------------------
LEAST SQUARES FIT FOR 111 DATA 

COEFFICIENTS FOR FITTING FUNCTION 
fRACTIONAL ERRORS IN COEFFICIENTS 

INTERCEPT 414 
H.P. SLOPE 63 MTO~R.l 
Q RATIO .\52 MTORR-l 

fUNCTION TYPE F13) 

4.}44E·02 
3.166E-02 

FPACTIONAL ERROR .032 
FRAr.TIONAL E~ROR .021 
FRACTIONAL ERROR .032 

6.279E·Ol 
2.073E"02 

1.610£"01 
1.703E"01 

QUENCH PRESSURE 

VARIANCE RATJO COMPARED TO LINEAR FIT, 56.3 FOR I 1.16' DEGREES FREEDOM 

6.60 MTORR 

XBL 688-5768 

~ I 
I-' 
0'. 

'f 



fXCITATION WAVELENGTH 4300 A OBSERVATION FILTER NO. 9 117880 CM-II 18 DATA POINTS 
--------------------.-----------------------------------------------~-----------------------------------------

P~E55U~E 5(0) 5(-90) E(O) (-90) I/R 1/1 LIFETIME E(R) EU) 
M TOR~ MICROSEC 

.45 - 82081 126969 • (I} 5 .004 .646 359 68.39 .016 .008 

.47 911;»5 138479 .011 .009 .658 332 67.18 .014 .ou 
1.0O 9171; 134/'175 .016 .Oll .681 346 64.88 .019 .016 
1.(10 9SFl23 136746 .012 .007 .701 344 63.09 .014 .010 
1.11 98942 139434 .(l02 .004 .710 338 62.30 .004 .005 
2.36 96425 126258 .003 .001 .764 382 57.89 .003 .001 
2.36 96966 128364 .004 .004 .755 375 58.52 .006 .005 
3.49 9155" 117465 .003 .001 .831 418 53.23 .003 .001 
3.49 9582R 113258 .003 .002 .846 435 52.25 .004 .002 
5.2~ 10241F1 110651 .002 .003 .926 451 47.74 .004 .003 

10.<'0 105465 79029 .002 .001 1.335 607 33.13 .002 .001 
10.20 106301 79838 .001 • 002 1.331 601 33.20 .002 .001 . 
16.flO 889815 46489 .002 .002 1.914 883 23.10 .003 .001 
16.80 8993~ 48129 .onl O. 1.869 864 23.66 .001 .001 
29.00 62161 19719 .(101 .002 3.152 1462 14.02 .0(12 .001 
29.(10 62101 20236 .on1 .002 3.09H 1444 14.27 0002 .001 
41.30 45269 11086 .on2 .n08 4.083 2084 10.83 .008 .002 
41.30 45562 10554 .001 .007 4.317 2083 10.24 .007 .001 

-~------------------------------------------------------------------------------------------------------------LEAST SQUARES FIT FOP-I/R DATA 

COEFFICIENTS FOR FITTING FUNCTION 
F~ACTIONAL ~RPORS IN COEFFICIENTS 

INTERCEPT 
H.P. SLOPE 
Q RATIO 

.647 

.099 MTORR-l 

.153 MTO~P-1 

FUNCTION TYPE F(3) 

6.469E-01 
1.376E-02 

F~ACTIONAL ERPOR .014 
FRArTIONAL ERROR .014 
FRACTIONAL ERROR .015 

9.895E-02 
1.397E-02 

9.116E-02 
1.074E-Ol 

ZERO ~. LIFETIME 
H.P. Q CONSTANT 
QUENCH PRESSURE 

VARIANCE PATIO COMPARED TO LINEAR FIT. 91.6 FOR ( 1.15) DEGREES FREEDOM 

68.34 MICRO SEC 
6.87 E-l1 CCIMOLEC SEC 
6.54 MTORR 

--------------------.--------_.-----------------------------------------------------.-------------.. ----------LEAST SQUARfS FIT FOR 111 DATA 

COEFFICIENTS Fol FITTING FUNCTION 
FPACTIONAL EP~LnS IN COEFFICIENTS 

INTERCEPT 340 
H.P. SLOPE 47 MTORR-l 
Q HATIO .139 MTORR-1 

FUNCTIO~ TYPE F(3) 

3.391f·02 
2.906E-02 

FRArTIONAL ERROR .029 
FRArTIONAL ERROR .021 
FRACTIONAL ERROR .028 

4.710E·Ol 
2.098E-02 

1.234E-01 
1.841E-Ol 

QUENCH PRESSURE 

VARIANCE RATIO COMPARED TO LINEAR FIT. 51.5 FOR ( 1.15) DEGREES FREEDOM 

7.21 MTORR 

XBL 688-5769 

I 
I-' 

& , 
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~XCITATlnN wAVELENGTH 4300 A nHSE~VATlnN FILTE~ NO. 10 II 6960 CM-1I 18 OATA POINTS 
--------------------.-----------------------------------------------------------------------------------------

Pj.)fC;Sll~E S(O) 5(-90) E (I) E(-90) 1/f.1 1/1 LIFETIME E(R) E(U 
M TORP MIr.ROSEC 

.47 98"54 148408 .(113 .00e. .~66 311 66.37 .014 .009 

.47 99157 145280 .018 .OOA .683 320 64.77 .020 .013 
1. (10 . - 10%05 151863 .1'04 .006 .722 312 61.25 .007 .008 
1.1'1 1250~'5 178205 .003 .001 .702 264 F.2.98 .003 .002 
1.11 11313;- 163~10 .{'04 .006 .F.9/l 285 fl4.05 .007 .008 
2.36 11?4117 148~98 .(104 .001 .755 323 58.56 .004 .002 
2.36 )09139 146777 .002 .003 .744 326 59.46 .004 .004 
3.49 114876 143365 .004 .001 .801 340 55.17 .004 .001 
5.26 10Q?r.:;; 126f'23 .(10] .004 .863 391 51.24 .004 .005 

10.;>/) 123254 10JI)94 .n04 O. 1.19fo 477 36.98 .004 .001 
10.20 119074 ~01(110 .003 .002 1.179 488 37.50 .004 .002 
16.1'\0 10709<; 63173 ./l01 .003 1.695 693 26.08 .003 .002 
11'.80 10M] 1 62965 .nOl .003 1.693 695 26.11 .003 .002 
29.(10 79243 29?89 .01)1 .002 2.706 1110 1".34 .002 .001 
29.00 79854 29192 n. .002 2.735 1105 16.16 .002 .000 
29.00 82708 30087 .002 .003 2.749 1068 16.08 .004 .002 
4).30 60299 16335 .002 .004 3.691 1545 11.98 .004 .002 
4).30 61299 )6524 .002 .003 3.710 1521 11.92 .004 .002 

--------------------.-----------------------------------------------------------------------------------------
LEAST salJARES FIT FOR llR DATA 

COEFFICIFNTS FOR FITTING FUNCTION 
FRACTIONAL ERRORS IN COEFFICIENTS 

II'<TERCEPT 
H.P. SLOPE 
a RA TlO 

."B~ 

.Oll? MTORF<-1 

.)2(01 MTORR-l 
(, 

FUNCTION TYPE F(3) 

6.R35E-Ol 
1.3b4E-02 

FF<ArTIONAL ERROR .014 
rRAtTIONAL ERROR .Ol? 
FRArTIONAL ERPOR .013 

A.7JOE-02 
1.199E-02 

1.182E-1I1 
9.001E·02 

ZERO P. LIFETIME 
H.P. Q CONSTANT 
QUENCH PRESSURE 

VARIA~CE ~ATI0 COMPARED TO LINEAR FIl.17Q.l FOR ( 1.15) DEGREES FREEDOM 

64.68 MICRO SEC 
6.06 E-l1 CC/MOLEC SEC 
7.83 MTORR 

--------------------------------------------------~-----------------------------------------------------------LEAST SQUARES FIT FOP 1/1 DATA 

COfFFICIFNTS FOR FITTING FUNCTTON 
F~ACTJONAL ERRORS IN COEFFICIENTS 

INTERCEPT 
H.P. SLOPE 
a RATTO 

?96 
35 MTORR-l 

.120 MTORR-l 

FUNCTION TYPE F(~) 

2.955F·02 
3.7371':-02 

F~ArTIONAL ERROR .037 
FRArTIONAL ERROR .027 
FRACTIONAL ERROR .036 

3.1542E·Ol 
2.714f.:-02 

1.155E-Ol 
2.462E-01 

QUENCH PRESSURE 

VARIANCF RATIO COMPARED TO LINEA~ FIT. 26.0 FOR ( 1.15) DEGRElS FREEDOH 

8.34 MTORR 

XBL 688-5770 
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E.CITATrn~ WAVfLE~GTH 4300 A nHSERVATIO~ FILTER NU. 11 115850 CH-ll 17 IlATA POI"'TS 

--------------------.-----------------------------------------------------------------------------------------
PHESSIlPf 

M TOP~ 
• I.e; 
.47 

l.nO 
1.00 
1. ) I 
2.36 
2.36 
3.49 
5.26 
]n.~o 

10.70 
]6. R (! 

If>.~1) 

?9.00 
29.(\0 
41.30 
41.30 

S ((I) 

8679A 
818"4 
884\? 
9339" 
94091\ 
BAQ5n 
88937 
920~2 

100460 
1120?7 
111263 
107]"" 
10357\ 

8011;' 
82R4;; 
61977 
61744 

51-90) 

135359 
130399 
132590 
145559 
146305 
1341;72 
136925 
135072 
135421:1 
109795 
109408 
l1R72 
70"41 
34 /.04 
35139 
19(o,n2 
19808 

HO) 

.1'18 

.012 

.1l16 

.(1)8 

.005 

.005 

.(ln4 

.006 

.0eI 

.(1('2 

.004 

.on1 

.C"2 
• (lI'l 
.003 
.on? 
.on1 

F. 1-90) 

.OOR 

.007 

.009 

.010 

.003 

.002 

.004 

.005 

.005 

.002 

.002 

.004 
·003 
.005 
.006 
.004 
.004 

1/H 

.641 

.b27 

.667 

.642 

.643 

.660 

.650 

.682 

.742 
1.020 
1.017 
1.491 
1.468 
2.329 
2.357 
3.162 
3.117 

1/1 

336 
345 
348 
312 
311 
341 
334 
345 
353 
455 
457 
644 
flbO 

1054 
1023 
1467 
1468 

LIFETIMF: 
MICROSEC 

68.94 
70.47 
66.30 
68.90 
68.74 
66.93 
68.0f> 
64.85 
59.60 
43.33 
43.47 
29.65 
30.13 
18.99 
18.75 
13.98 
14.18 

E I~I 

.020 

.014 
_ .018 

.013 

.006 

.005 

.006 

.008 

.005 

.003 

.004 

.(1(14 

.004 

.005 

.007 

.004 

.004 

EIII 

.014 

.011 

.014-

.015 

.005 

.003 

.006 -

.007 

.006 

.002 

.002 

.003 

.002 

.002 

.003 

.002 

.001 
--------------------.-----_.---------------------------------~-----------------------------~------------------
LEAST SQIJARES fIT FOR 1/R DATA 

cnEFFlCIFNTS FOR FITTING FIINCTION 
F~ACTlnNAL ER~nRS IN COEFFICIENTS 

H. TFRCEF'T 
>-I.P. SLOPE 
(,l RATtO 

.655 

.076 MTORR-l 

.116 "'TORR-l 

FUNCTION TYPE F(3) 

6.5c:,2~--01 

1·4601':-02 

F~ArTIONAL ERHO~ .nle; 
FHArTIONAL EP~OR .Oln 
F~ArTIONAL ER~oR .014 

7."15E-02 
1.027£-02 

1.625E-01 
7.346E"02 

ZERO P. LIFETIME 
H.P. Q CONSTANT 
OllENCH PRESSURE 

VARIA~!CE ~ATln COMPA~EO TO LINfAR-FIT, 315.4 FOR ( 1,14) nEuRFES F~EFOOM 

67.4A MICRO SEC 
5.29 £-11 CC/MOLEC SEC 
8.60 MTORR 

--------------------.-----------------------------------------------------------------------------------------
LEAST SQIIA~f:S FIT FOR 111 DATA FUNCTION TYPE rl~) 

cnEFFICI~NTS FOR FITTING FUNCTION 3.4H3F·02 3.379E·01 1.7b4E-Ol 
F~ACTIONAL FR~OkS IN COEFFICIENTS 2.678E-02 1.77Rf-0? 1.285£-01 

I~TERCEPT 348 FPArTIONAL ERROR .027 
H.P. !'LOPE 34 "'TORR-l FPArTIONAL ERROR .018 
Q RATTO .097 MTORR-l FRArTIONAL ERROR .026 QUENCH PRESSURE 10.31 MTORR 

VARIANct ~ATrn COMPARED TO LI~EAR FIT, 134.2 FOR I 1,14) DEGREES FREEDOM 

XllL 688-5771 
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EXCITATION WAVELENGTH 4300 A ~ASERVATION FILTER NO. 12 115130 CM-l) 16 DATA P~INTS 
--------------------.--------------------------------------------------------------------------------~--------PRESSURE 5(0) 51-90) EIO) EI-90) 11R 111 lIFETIME EIR) E(1) 

M TORR MICROSEC 
.47 71934 117030 .010 .006 .615 3Bl 71.93 .012 .010 
.47 70414 118715 .e12 .004 .593 370 74.54 .013 .008 

1.00 79634 123873 .005 .013 .643 367 68.77 .014 .019 
1.01 82915 1337R5 .008 .001 .620 335 71.33 .011 .011 
2.36 78711 121839 .Otl2 .002 .646 374 68.43 .003 .003 
2.36 BO"?~ 127659 .(1(17 .OOC? .632 354 70.00 .007 .004 
3.49 84416 126920 .005 .002 .665 3_63 66.47 .005 .003 
5.26 81322 1144RO .004 .003 .710 412 62.24 .oos .004 

10.20 10414(, l13R73 .002 .002 .915 437 48.34 .003 .002 
10.20 10169~ 111384 .003 .003 .913 447 48.42 .004 .003 
16.80 93108 71766 .001 .001 1.297 674 34.08 .001 .001 
16.80 95400 72304 .O!!3 n. 1.319 666 33.51 .003 .001 
29.no 81757 37689 .002 .006 2.169 1009 20.38 .006 .002 
29.00 80229 374R3 .Otl2 .004 2.140 1023 20.65 .004 .002 
41.30 6172n 21092 .002 .006 2.926 1451 15.11 .006 .002 
41.30 63004 21532 n. .OOC? 2.926 1421 15.11 .002 .000 

--------------------.-----------------------------------------------------------------------------------------
LEAST SQUARES F IT FOR llR DATA 

COEFFICIENTS FOR FITTING FUNCTION 
FRACTIONAL FRRORS IN COEFFICIENTS 

INTERCEPT 
H.P. SLOPE 
Q RATIO 

.632 

.068 MTORR-l 

.107 MTORR-l 

FUNCTION TYPE F(3) 

~.320E-Ol 

2.222E-02 

FRACTIONAL ERROR .022 
FRAr.TIONAl ERROR .017 
FRACTIONAL ERROR .022 

6.774E-02 
1.669E-02 

1.493E-Ol 
1.149E-01 

ZERO p. LIFETIME 
H.P. Q CONSTANT 
QUENCH PRESSURE 

VARIANCE RATIO COMPAPED TO lINEAR FIT, 143.6 FOR ( 1,13) OEGREES FREEDOM 

69.95 MICRO SEC 
4.70 E-l1 CC/MOlEC SEC 
9.33 MTORR 

-.------------------.----------------------------------------------------------------------------------------~ LEAST SQUARES FIT FOP III DATA 

COEFFICJENTS FOP FITTING FUNCTION 
FRACTJONAL ERRORS tN COEFFICIENTS 

INTERCEPT 
.... P. SLOPE 
Q RATIO 

384 
33 MTOPR-l 

.086 MTOPR-l 

FUNCTION TYPE FI) 

3.838E·02 
3.934E-02 

FRAtTtONAL ERROR .039 
FRAr.TIONAl ERROR .n27 
FRACTIONAL ERROR .038 

3.283E·Ol 
2.7391::-02 

1.654E-Ol 
1.848E-Ol 

QUENCH PRESSURE 11,69 MTORR 

VARIANCE RATtO COMPARED TO LINEAR FIT, 65.1 FOR ( 1,13) DEGREES FREEDOM 

XBL 688-5772 
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EXCITATION WAVELENGTH 4300 A OBSERVATION FILTER NO. 13 114270 eM-I' 18 DATA POINTS 

---------------------------~----------------------------------------------------------------------------------PRESSURF: 
M TORQ 

.45 

.47 
1.00 
1.11 
2.36 
2.36 
3.49 
3.49 
5.26 
5.26 

10.20 
10.20 
16.80 
16.FlO 
29.(10 
29.00 
41.30 
4].30 

S(O, 

6791~ 
BI054 
74040 
89763 
82021. 
8313? 
88393 
91655 
81717 
81143 

105131 
103583 
95846 
96823 
9150f, 
913 R6 
70750; 
70957 

5(-90) 

108603 
135498 
126576 
145879 
128858 
128211 
136374 
142150 
114715 
116702 
123873 
121028 

78398 
79696 
45697 
45587 
26209 
26278 

E(O) 

.019 

.015 

.014 

.008 

.008 

.004 

.005 

.002 

.009 

.005 

.003 

.003 

.001 

.003 

.002 

.003 

.002 

.001 

E(-90, 

.018 

.014 

.011 

.002 

.002 

.002 

.008 

.003 

.006 

.005 

.001 

.005 

.001 

.005 

.002 

.006 

.002 

.002 

11R 

.625 

.598 

.585 

.615 

.637 

.648 

.648 

.645 

.712 

.695 

.849 

.856 
1.223 
1.215 
2.002 
2.005 
2.700 
2.700 

1/1 

414 
325 
344 
306 
352 
356 
335 
320 
412 
402 
398 
408 
.625 
616 
875 
876 

1243 
1239 

LIFETIME 
MICROSEC 

70.69 
73.91 
75.58 
71.85 
69.45 
68.18 
68.21 
68.57 
62.06 
63.58 
52.09 
51.66 
36.16 
36.39 
22.08 
22.05 
16.38 
16.37 

E(R) 

.026 

.021 

.018 

.008 

.008 

.004 

.009 

.004 

.011 

.007 

.003 

.006 

.001 

.006 

.003 

.007 

.003 

.002 

E(I' 

.027 

.022 

.018 

.Oos 

.004 

.003 

.011 

.004 

.008 

.007 

.001 

.006 

.001 

.004 

.001 

.003 

.002 

.001 
--------------------.------------------------------------------------------------~----------------------------LEAST SQUARES FIT FOP 11R DATA 

COEFFICIFNTS FOR FITTING FUNCTION 
FRACTIONAL FRPORS IN COEFFICIENTS 

INTERCEPT 
f-t.P. SLOPE 
Q RATIO 

.630 

.062 MTORR-l 

.099 MTORR-l 

fUNCTION TYPE F(3' 

6.302E-Ol 
2.879E-02 

FRAtTIONAL ERROR .029 
fRArTIONAL ERROR .020 
fRACTIONAL ERROR .027 

6.209E-02 
1.975E-02 

1.397E-Ol 
1.315E-Ol 

ZERO P. LIFETIME 
H.P. Q CONSTANT 
QUENCH PRESSURE 

VARIANCE RATIO COMPARED TO LINEAR F!T, 104.4 fOR ( 1.15) DEGREES FREEDOM 

70.16 MICRO SEC 
4.31 E-l1 CC/MOLEC SEC 

10.15 MTORR 

--------.-----------.-----------.-------------.-._---------------------------------.---------------------------
LEAST SQUARES FIT FOR III DATA 

COEffICIENTS fOR fITTING FUNCTION 
F~ACTIONAL ERRORS IN COEFFICIENTS 

INTERCEPT 
H.P. SLOPE 
Q RATIO 

352 
2R MTORR-l 

.080 MTORR-l 

FUNCTION TYPE F(3' 

3.519E+02 
6.096E-02 

fRArTIONAL ERROR .061 
FRArTIONAL ERROR .047 
fRArTIONAL ERROR .061 

2.817E+Ol 
4.728E-02 

1.251E-Ol 
2.969E-Ol 

QUENCH PRESSURE 12.49 MTORR 

VARIANCE RATIO COMPARED TO LINEAR FIT, 18.6 FOR ( 1,15) DEGREES FREEDOM 

XBL 688-5773 
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EXCITATION ~AVELENGT~ 4800 A O~~f~VATION FILTER NO. b 119960 CM-}) 18 OATA POINTS 
--------------------.----------------------------------------------------------------------.. -----------------
PRfSSU~E 

M TORR -
.4Q 
.49 

1.12 
).1 ? 
1.11l 
1.42 
7.35 
2.~O 
5.1'5 
5.n5 

)O.Cl4 
111.94 
17."0 
17.('0 
30.90 
3!,.QO 
47.40 
47.40 

5(0) 

62847 
50468 
6032(' 
628Rt. 
45604 
565(''''' 
63255 
6349(-
53424 
54?71l 
35031 
35)34 
2435;' 
22714 
1266c; 
lZ799 
7994 
B39'1 

51-90) 

74226 
72525 
61978 
S76R5 
49577 
52523 
48f>q9 
47497 
27931 
29(178 
11034 
10942 
- 5037 

4818 
1738 
1707 

782 
709 

EIO) 

.014 

.C34 

.033 

.007 

.n50 

.n21 

.009 

.010 

.005 

.1)07 

.(,03 

.004 

.003 

.002 

.005 

.008 

.004 

.003 

EI-90) 

.034 

.011 

.012 

.015 

.008 

.010 

.017 

.004 

.007 

.010 

.020 

.013 

.021 

.013 

.019 

.030 

.063 

.073 

1/~ 

.847 

.696 

.973 
1.090 

.920 
1.077 
1.29Q 
1.337 
1.913 
1.R67 
3.175 
3.211 
4.834 
4.714 
7.287 
7.498 

10.223 
11.~45 

III 

664 
646 
806 
864 

1005 
949 
993 

1010 
1470 
1432 
2597 
2595 
3938 
4213 
7750 
7677 

12391 
11823 

LIFETIME 
MICROSEC 

52.22 
63.53 
45.42 
40.55 
48.06 
41.05 
34.04 
33.07 
23.11 
23.68 
13.93 
13.77 
9.15 
9.38 
6.07 
5.90 
4.32 
3.73 

E (I~l 

.037 

.036 

.035 

.1)17 

.051 

."23 

.019 

.011 

.009 

.1)12 

.020 

.014 

.021 

.013 

.020 

.031 

.063 

.073 

E (1) 

.040 

.019 

.012 

.n14 

.010 

.009 

.013 

.004 

.004 

.006 

.004 

.004 

.003 

.002 

.005 

.008 

.004 

.003 

------------.-------.-----------.--------------------.--------------------------------------.------------------
LEAST SQUARES FIT FOR llR DATA 

rCEFFICIFNTS FOR FITTING FUNCTION 
FRACTIONAL ER~ORS IN COEFFICIENTS 

It-.'TfRCF.PT 
H.P. SLOfo>E 
Q RATTO 

.726 

.230 MTOR~-l 

.~17 MTOPR-l 

FUNCTION TYPE 1"(1) 

7.2(-1E-Ol 2.303E-01 
3.513F.-02 3.735E-02 

FPArTtoNAL F.R~OR .03S 
FRAr.TIONAL ERROR .037 
FPArTIONAL ERRO~ .066 

ZfRO p. LIFETIME 
H.P. Q CONSTANT 
QUENCH PRESSURE 

60.8Q MICRO SFc; 
15.99 E-11 CC/MOLEC SEC 
3.15 MTORR 

--------------------.-----------------------------------------------------------------------------------------
LE/IST SQlIARf~ FIT FOR 111 DATA 

COEFFICIENTS FOR FtTTING FUNCTION 
FRACTIONAL ERRORS IN COEFFICIENTS 

I~TERCEPT 
~.p. SLOPF. 
Q RAllO 

661 
7.33 MTORR-1 

.353 MTORR-l 

FUNCTION TYPE F(3) 

t..609E~·02 
9.843f-02 

FRAtTIONAL ERROR .098 
~RArTIONAL FRROR .037 
fRACTIONAL ERROR .091 

2.332E·02 
3."65l-02 

1.812E-Ol 
5. 164E-:-Ol 

QUENCH PRESSU~E 

V/IRIANCE RATIO COMPARED TO LINEAR FIT. 9.0 FOP. I 1.15) OEGREES FREEUOM 

2.83 MTORR 

XBL 688-5774 
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FXCITITION kAVELENGTH 4BOO A 

PRESSIJRE 
~ TCRR 

1.1 B 
1.42 
2.35 
?C:;n 
5.05 
5.(\15 

10.<14 
10.Q4 
17 .(,0 
17.1'10 
30.90 
30.90 
47.40 
47.40 

5(0) 

61A9 1 
61664 
7389i1 
69779 
6C;05A 
65031; 
4597) 
4737Q 
31790 
3079f, 
173"'4 
lA341'1 
l1h7? 
1 (l99r; 

5(-90) 

b0770 
64854 
('5745 
62353 
42761 
41778 
11:1254 
18326 
8615 
8359 
2~93 

2R?9 
1239 
1263 

ORSERVATION FILTER NO. 7 

E(O) 

.03/) 

.012 
• (011 
.010 
.0115 
.(\06 
.(\1)5 

.onl 

.,,07 

.1'(15 

.on3 

.(\0«, 

.004 

.On3 

£(-90) 

.011 

.007 

.006 

.007 

.004 

.003 

.005 

.006 

.008 

.003 

.015 

.012 

.016 

.030 

1/H 

1.018 
.951 

1.124 
1.119 
1.521 
1.557 
2.51F1 
2.585 
3.690 
3.684 
5.1:'08 
6.485 
9.421 
8.705 

(19350 CM-!) 

111 

823 
710 
755 
797 

1073 
1088 
1879 
1836 
2930 
3024 
5587 
5324 
8472 
8977 

LIFETIME 
MIC~OSEC 

43. 4 1 
46.50 
39.3_ 
39.50 
29.0," 
28.40 
17.55 
17.10 
11.98 
12.00 
,7.61 
6.82 
4.69 
5.08 

14 nATA POINTS 

E (H) 

.032 

.01-

.013 

.012 

.006 

.007 

.007 

.006 
• oIl 
,006 
.015 
.013 
.016 
.030 

E (1) 

.011 

.007 

.005 

.006 

.003 

.003 

.004 

.002 

.006 

.004 

.003 

.006 

.004 

.003 ____________________ • _______________________________________________________________ • ________________________ a 

LEAST SQUARES fIT FOR 11R DATA 

COEFFICIENTS FOR FITTING ~UNtTION 
FRACTIONAL ~RROAS IN COEFFICIENTS 

I ~'TERCEPT 
H.P. ~LOPE 
Q PATtO 

.723 

.167 MTOPR-l 

.230 MTOPR-l 

FUNCTION TYPE F(l) 

7.232E-Ol 
2.37AE-02 

FPAr.TIONAL ERROR .024 
Fk~rTIONAL ERROR .023 
fRArTIONAL ER~OR .044 

I.M6E"01 
2.307E-02 

ZERO p. LIFETIMf. 
H.P. Q CONSTANT 
QUENCH PRESSURE 

61.13 MICRO SEC 
11.57 E-l1 CC/MOLEC SEC 
4.34 MTORR 

-------------------------------~----------------------------~------------------------------------------------~ LEAST SQUARES FIT FOP 111 DATA 

COfFFICIENTS FOR FrTTING FUNCTION 
FRACTIONAL f~NOAS IN COEFFICIENTS 

J~TERrEPT AA2 
H.P. SLOPE 192 ~TOpR-l 
Q RATfO .217 ~TOAR·l 

FUNCTION TYPE F(4) 

8.816E+02 
1.243£-01 

FRArTIONAl ERROR .124 
FPArTIONAL ERROq .046 
FRACTIONAL ERROR .157 

4.442E+Ol 4.338E+Ol 
4.729E-Ol 4.518E-01 

QUENCH PRESSURE 

V~RIANCE RAllO COMPARED Tn LINEAR FIT, 55.8 FOR ( 2'10~ DEGRFES FREEDOM 

'( 

2.264E-Ol 
4.890E-01 

4.60 MTORR 

XBL 688-5775 
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EXCITATION wAVELENGTH 4BOO A OBSERVATION FILTER NO. 9 <17B80 CM-I) 16 DATA POINTS 
--------------------.-----------------------------------------------------------------------------------------

PRESSU~E 5(01 5(-90) E(OI [(-90) llR 111 LIFETIME E (R) EIII 
'" TnRR _ MICROSEC 

.49 701R", 106991 .014 .006 .656 429 67.39 .015 .010 
1.12 749"0 103878 .009 .006 .722 457 61.26 .011 .008 
1.12 86791 121926 .004 .004 • 712 387 62.10 .006 .005 
1. HI 63298 88454 .007 .005 • 716 535 61.78 .009 .007 
1.42 73225 95325 .005 .004 .768 507 57.55 .006 .005 
2.35 84719 100974 .002 .002 .839 488 52.69 .003 .002 
5.n5 95468 A5873 .n02 .001 1.112 579 39.77 .002 .001 
5.05 947R? A5831 .002 .002 1.104 580 40.03 .003 .002 

10.94 81134 44092 .002 .002 1.840 952 24.03 .003 .001 
10.94 19f,09 42807 .003 .003 1.860 974 23.77 .004 .002 
17'''0 61R31 22647 .002 .002 2.130 1426 16.19 .on3 .002 
11.60 5639;; 21312 .001 .004 2.646 1552 16.71 .004 .001 
31".90 35137. 8344 .n02 .008 4.282 2654 10.32 .OOB .002 
30.90 3650R B014 .001 .008 4.522 2611 9.78 .OOR .001 
47.40 2309\ 3337 .002 .OOB 6.920 4242 6.39 .OOB .002 
41.40 23152 3655 .001 .017 6.334 4214 6.98 .017 .001 

--------------------.------.------------------------------------------------------------------.---------------
LEAST SQUARES FIT FOR llR DATA 

COEFFICIF.NTS FOR FITTING FUNCTION 
FMACTIONAL ERPORS IN COEFFICIENTS 

INTERCEPT 
H.P. SLOPE 
Q RATIO 

.622 

.139 MTORR-l 

.223 MTORR-l 

FUNCTION TYPE F(3) 

6.220E-Ol 
1.683E-02 

FRACTIONAL ERROR .017 
FRACTIONAL ERROR .016 
FRACTIONAL ERROR .016 

1.388E-Ol 
1.594E-02 

9.445E-02 
1.61~E-ol 

ZERO p. LIFETIME 
H.P. Q CONSTANT 
QUENCH PRESSURE 

VARIANCE RATIO COMPARED TO LINEAR FIT. 39.6 FOR ( 1.13) DEGREES FREEDOM 

71.0B MICRO SEC 
9.64 E-l1 CCIMOLEC SEC -
4.48 MTORR 

-------------------------------------------------------------------------------------------------------------. LEAST SQUARES FIT FOP 111 DATA 

COEFFICIENTS FOR FITTING FUNCTION 
FRACTIONAL EPRORS IN COEFFICIENTS 

INTERCEPT 434 
H.P. SLOPE 103 MTOPR-l 
Q RATIO .239 MTOPR-l 

FUNCTION TYPE F(4) 

4.337E+02 
7.262E-02 

FRACTIONAL ERROR .073 
FRACTIONAL E~RoR .174 
FRACTIONAL ERROR .223 

3.632E+Ol 
2.570E-Ol 

6.611E+oO 
7.629E-ol 

QUENCH PRESSURE 

VARIANCE RATtO COMPARED TO LINEAR FIT. 17.2 ~OR ( 2.12) DEGREES FREEDOM 

6.447E-02 
9.215E-ol 

4.19 MTORR 

XBL 688-5776 
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EXCITATION WAVELENGTH 4800 A ~BSERVATION FILTER NO. ]0 1]6960 CM-I) 17 DATA POINTS 
--------------------.------------------------------------------------------~----------------------------------PRESSllRE 5(0) 51-90) E(O) EI-90) 11R III LIFETIME EIR) E (I) 

M TORR MICROSEC 
.49 76501 123478 .017 .007 .620 363 71.36 .018 .013 

1.12 79967 124403 .008 .007 .643 366 68.78 .011 .010 
1.12 90535 138360 .005 .001 .654 331 67.56 .005 .002 
1.18 78723 12]169 .(l]0 .002 .650 377 68.05 .010 .00s 
2.35 97664 131988 .003 .001 .740 362 59.75 .003 .002 
2.50 83219 111954 .1.'04 .001 .743 428 59.48 .004 .002 
2.50 96937 132840 .004 .001 .730 358 60.58 .004 .002 
5.05 11018F- 119631 .001 .002 .921 417 4B.OO .002 .002 
5.05 111991 121796 .004 .001 .919 409 48.0B .004 .001 

10.94 103312 68024 .001 .001 1.519 675 29.11 .001 .001 
10.94 100447 6623B .001 .005 1.516 694 29.15 .005 .003 
17.60 B1081, 36658 .003 .006 2.212 1024 19.99 .007 .003 
17."0 78798 35217 .001 .003 2.237 10S8 19.76 .003 .001 
30.90 5210A 14114 .001 .006 3.692 1788 11.97 .006 .001 
30.90 53453 ]4306 .001 .006 3.736 1746 11.83 .006 .001 
47.40 35035 6385 .002 .005 5.487 2763 8.06 .005 .002 
47.40 34875 6152 .002 .001 5.669 2781 7.80 .002 .002 

--------------------.-----------------------------------------------------------------------------------------
LEAST SQUARES FIT FOR IIR DATA 

COEFFICIENTS FOR FITTING FUNCTION 
FRACTIONAL ERRORS IN COEFFICIENTS 

INTERCEPT 
H.P. SLOPE 
Q RATIO 

.F-08 

.117 MTORR-l 

.192 MTORR-l 

FUNCTION TYPE F(3) 

6.076E-Ol 1.168£-01 1.512E"01 
7.780E-02 1.421E-02 8.746E-03 

FRArTIONAL ERROR .014 
FRArTIONAL ERROR .009 
FRArTIONAL ERROR .013 

ZERO p. LIFETIME 
H.P. Q CONSTANT 
QUENCH PRESSURE 

VARIA~CE RATIO COMPARED TO LINEAR FtT, 236.0 FOR I 1,14) DEGREES FREEDOM 

72.76 MICRO SEC 
8.11 E-l1 CC/MOLEC SEC 
5.20 MTORR 

__________ ~_--------__________________________________ _______________ • _____________ e. ___________________ • ____ _ 

LEAST SQUARES FIT FOR III DATA 

COEFFICIENTS FOR FITTING FUNCTION 
FRACTtONAL ~RRORS IN COEFFICIENTS 

INTERCEPT 398 
H.P. SLOPE 56 MTORR-I 
Q RATTO .140 MTOPR-l 

FUNCTION TYPE F(3) 

3.979E+02 
7.142F-02 

FRAr.TIONAL ERROR .071 
FRAr.TIONAL ERROR .024 
FRArTIONAL ERROR .067 

5.580E·01 
2.419E"02 

3.146E"01 
2.309E-Ol 

QUENCH PRESSURE 

VARIANCE RATIQ COMPARED TO LINEAR FIT. 61.0 FOR I 1.14) DEGRfES FREEDOM 

7.13 MTORR 

XBL 688-5777 
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EXCITATION WAVELENGTH 4800 A O~Sf.RVATION FILTER NO. 11 1l5b50 CM-!) 17 DAU POINTS 
.-------------------.----------------------------.------------------------------------------------------------

PRESSlJ~1: 5(0) 5(-1:10) £(0) E(-90) 1/R. III LIFETIME E (lH E 111 
M TORR MICROSEC 

.49 70091 126387 .061 .006 .555 336 79.72 .061 .OJ4 
1 .12 _ 71~R7 124R85 .004 .005 .S7f> 346 76.80 .OOE! .008 
1.12 7129i1 li?3920 .0(15 .OOJ .575 349 76.85 .006 .005 
1.18 89020; 135440 .013 .003 .657 339 67.26 ;013 .007 
1.1A 634~r; 108ROl .(111 .005 .583 400 75.77 .n12 .009 
1.42 73017 128334 .005 .003 .569 335 77.64 .006 .005 
2.35 88297 13&605 .(104 .003 .637 327 69.40 .005 .005 
S.oe; 1151',21:1 133234 .072 .004 .868 372 50.94 .072 .011 
5.0C; 103037 121954 • (J04 .066 .845 41)4 52.33 .066 .077 

10.94 107129 840'52 .01'2 .001 1.275 578 34.69 .002 .001 
10.1:14 1l07~3 '17160 .002 .002 1.271 558 34.79 .oe3 .002 
17'''0 94"21 50120 .002 .003 1.R88 825 23.42 .004 .002 
17.foO 8R7'i2 47436 .n02 .003 1.871 876 23.63 .004 .002 
30.90 59074 19362 .(1(\2 .006 3.051 1529 14.49 .006 .002 
30.1:10 59311:1 19053 .003 .006 3.113 1528 14.20 .007 .003 
47.40 40547 8770 .002 .013 4.t>23 235f) 9.56 .013 .002 
47.40 41534 9327 .001 .006 4.453 2292 9.93 .006 .001 

--------------------.-------------------------.---------------------------------------------------------------
LEAST SQUARfS FIT FOR l/R DATA 

COEFFICII:~TS FOR FITTING FUNCTION 
FRACTIONAL ERRORS IN COEFFICIENTS 

IF\TERCEPT 
H.P. SLOP,," 
Q RATIO 

.547 

.OQ" MTORR-l 

.176 MTOPR-l 

FUNCTION TYPE F(31 

5.471E-ol 
4.618(-02 

F~ArTI0NAL ERROR .04~ 
FRArTIONAL fRROR .026 
F~ArTIUNAL ER~OR .036 

9.640E-02 
2.1)95£-02 

1.340E-Ol 
3.290E-Ol 

ZE~O p. LIFETIME 
H.P. Q CONSTANT 
QUENCH PRESSURE 

VARIANC~ RATTO COMPARED TO LINEAR FIT. 17.5 FOR ( 1.141 DEGREES FREEOOM 

80.81 MICRO SEC 
6.69 E-11 CC/MOLEC SEC 
5.68 MTORR 

--------------------------------------------------------------------------------------------------------------
LEAST SQUARFS FIT FOR III DATA 

COEFFIClfNTS fOR ~ITTING FUNCTION 
FRACTIONAL FRRORS IN COEFFICIENTS 

It-TERCEPT 
H.P. SLOPE 
Q RATTO 

371 
54 MTOPR-l 

.145 MTORR-l 

fUNCTION TYPE F(4) 

3.712E+02 
5.741f.-02 

FRAr.TIONAL ERROR .057 
FRArTIONAL FRROR .073 
FPArTIoNAL EPROR .116 

1.500£+01 
4.191E-Ol 

7.106E+00 
4.142[-01 

(WENCH PRESSURE 

VARIANCE RATtO COMPARED TO LINEAR FIT. 54.8 FOR ( 2,IJ) nEGREES FREEDOM 

1.319E-Ol 
4.751E-Ol 

6.89 MTORR 

XBL 688-5778 
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f~CIT~TIn~ WAVELENGTH 4800 A; OhSERVATION FILTER NO. 12 115130 CM-l) 18 DATA POINTS 

----------------------------.~--------------------------------------------------------------~-----------------PRE"SSUPF. 5(0) St~90), flO) fl-90) llR 111 LIFETIME E(IoO Eill 
M TQ~R. MICROS~C 

.49 70051 12~726 .014 .003 .553 334 79.98 
1.1? h901~ 12.6~2 .~oS .002 .554 340 79.86 
h12 709P9 126594 .009 .002 .S61 337 78.84 
l.'~ SR347 10~411 .O~5 .002 .~S4 402 79.87 
1.1I~ 621;3;' 113257 .0(1" .007 .553 374 79.95 
2.'5 8144] 1353,,2 .005 .004 .60? .326 73.48 
2."0 83011, 138206 .n1n .002 .f-Ol 319 73.60 
2.~o 720~S 116167 .006 .004 ."21 386 71.25 
!'-i.n5 97644 136554 .003 .002 .715 34661.83 
S.PS 97671 140357 .C n4 .003 .696 334 63.53 

In.Q4 106394 93468 .(l01 .001 1.13~ 530 38.84 
lO.Q4 112669 97615 .002 .001 1.154 507 38.30 
)7.6n 9576P 58001 .rCl .002 1.651 764 26.78 
17."0 892C9 543)0 .n02 .OO? 1.64) 818 26.91 
3C.90 6S3~6 22972 .OO? .002 2.A46 136) 15.53 
30.90 637RI, 23418 .001 .002 2.724 1382 16.23 
47.40 4375? 104140. .003 4.201 2163 10.52 
47.4(1 43614 10033 .001 .010 4.347 2178 10.17 

.014 

./l0C; 

.009 

.005 

.01)9 

.on6 

.010 

.on7 

.004 

.00S 

.001 

.002 

.002 

.003 

.003 
0.002 
.003 
.010 

.009 

.004 

.006 

.004 

.nll 

.006 

.006 

.(106 

.003 

.004 

.001 

.001 

.001 

.001 

.002 

.001 

.000 

.001 
-~------------------------------------o---------------_______________________ M _______________________________ _ 

LEAST SQIIARES FIT FOR l/R DATA 

COF.FFICTE~T5 F0R FITTING FUNCTION 
FRACTIONAL FRRORS IN ~OEFFICIENTS 

INTERCEPT 
H.P. SLOPE 
(J RATIO 

.561 

.(\R7 MTOPR-l 

.1St> MTORR-l 

FUNCTION TYPEF(3) 

5.6n6[-01 
2.242E-02 

FRArTIONAL ERROR .022 
FRArTIONAL ERROR .Ol? 
FRArTIONAL ERRoR .020 

A.720f.-02 
1.1f>lf-02 

1.940E-Ol 
1.012E-Ol 

ZERO p. LIFETIME 
H.P. Q CONSTANT 
QUf.NCH PRESSURE 

VARIANCE RATr" COMPARED TO LINEAR FIT. 190.3 FOR ( 1,15) DEGREES FREEDOM 

78.86 MICRO SEC 
6~06 E-l1 CC/~OLEC SEC 
6.43 MTORR 

--____ ~ _____________ ~-----------------______________________ • ____________ . ____ • ______________ ~-------------_._a 
LFASTSOUARFS FIT FOR 111 OA1. FUNCTION TYP~ F(4) 

COEFFICIJNTS FOR FITTING FUNCTION 3.799[·02 5.737F.:·00 6.029E+00 1.159E-Ol 
FRACTIONAL FRRORS TN COEFFlcIfNTS 6.222E-02 1.171E·00 4. 161E-111 5.025E-01 

II\. TF.RCFPT 3~0 FRArTIONAL ERROR .062 
H.P. SLOPE 5? MTORR-l FPArTIONAL ERROR .102 
f~ RATJO .)37 MTORR-l FRArTIONAL ERROR .14S QUENCH PRESSURE 7.30 MToRR 

VARIANCF RATIO COMPAPED TO LINFAR FIT. 43.5 FOR I 2.14) OEGREES FREEDOM 

.:.rj: 
XBL 688-5779 
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[XCITATION WAVELENGTH 4800 A OHSERVATION FILTER NO. 13 114270 CM-1) 17 DATA POINTS 
--------------------.-----------------------------------------------------------------------------------------PRESSUQE­

M TORP 
.49 

1.12 
1.12 
1.1 B 
1.42 
2.35 
2.0;0 
5.115 
5.05 

10.94 
10.94 
17.~0 
17.60 
30.90 
30.90 
47.40 
47.40 

SIO) 

60b2" 
71;192 
65099 
62078 
68458 
83629 
81427 
9555f, 
95863 

114013 
114934 
1078b8 
101659 

76303 
74393 
51944 
53851 

SI-90) 

115704 
146685 
123480 
1151164 
128558 
15016? 
145664 
151)58 
149312 
110561 
112628 

71950 
690M 
30008 
29606 
13934 
14023 

E(O) 

.017 

.0}8 

.014 

.0(19 

.016 

.003 

.006 

.004 

.009 

.002 

.002 

.001 

.002 

.0(12 

.C03 

.002 

.002 

E(-90) 

.006 

.009 

.008 

.002 

.006 

.002 

.003 

.003 

.001 

.002 

.004 

.003 

.002 

.002 

.003 

.008 

.008 

llR 

.524 

.519 

.527 

.536 

.533 

.557 

.559 

."32 

.642 
1.031 
1.020 
1.499 
1.472 
2.543 
2.513 
3.728 
3.840 

111 

355 
279 
334 
359 
323 
283 
292 
299 
304 
452 
444 
642 
673 

1135 
1160 
1796 
}739 

LIFETIME 
MICROSF.C 

84.37 
85.11 
83.86 
82.51 
83.02 
79.38 
79.09 
69.93 
68.86 
42.87 
43.32 
29.49 
30.04 
17.39 
17.59 
11.86 
11.51 

EIR) 

.018 

.020 

.016 

.009 

.017 
• [·04 
, {'v7 

,": ;)5 
,009 
.003 
.004 
.003 
.003 
.003 
.004 
.OOR 
.008 

E(U 

.014 

.018 

.015 

.006 

.013 

.003 

.006 

.005 

.004 

.002 

.004 

.002 

.001 

.002 

.002 

.002 

.002 
--------------------.-----------------------------------------------------------------------------------------
LEAST SOUARES FIT FOR llR DATA 

COEFFICIFNTS FOR FITTING FUNCTION 
FRACTIONAL ERPORS IN COEFFICIENTS 

INTERCEPT 
H.P. SLOPE 
o RATIO 

.554 

.079 MTORR-l 

.142 MTORR-l 

FUNCTION TYPE F(3) 

5.538E-Ol 
2.207E-02 

FRArTIONAL ERROR .022 
FRArTIONAL ERROR .009 
FRArTIONAL ERROR .020 

7.871E-02 
9.164E-03 

2.314E-Ol 
8.492E-02 

ZERO p. LIFETIME 
H.P. Q CONSTANT 
QUENCH PRESSURE 

VARIANCE RATIO COMPAR~D TO LINEAR FIT. 329.2 FOR I 1,14) DEGRF.ES FREEDOM 

,~ 

79.82 MICRO SEC 
5.47 E-ll CC/MOLEC SEC 
7.04 MTORR 

--------------------.-----------------------------------------------------------~-----------------------------
LEAST SQUARES FIT FOR 111 DATA 

COEFFICIENTS FOR FITTING FUNCTION 
FHACTIONAL ERRORS IN COEFFICIENTS 

INTERCEPT 393 
H.P. SLOPE 39 MTORR-l 
Q RATTO .099 MTORR-l 

FUNCTION TYPE F(4) 

3.927E+02 
7.639E-02 

FRArTIONAL ~RROR .076 
FRArTIONAL ERROR .06? 
FRACTIONAL ERROR .121 

1.(\3BE+Ol 
1.029E+00 

1.036E+Ol 
3.saOE-01 

2.676E-Ol 
4.046E-Ol, 

QUENCH PRESSURE 10.14 MTORR 

VARIANCE RATIO COMPARED TO LINEAR FIT,66.9 FOR I 2,13) DEGREES FREEDOM 

XBL 688-5780 
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Appendix E 

" . '. D~c '~ne;e in AnalogI'hoton Co~n'~ers 
'.' .',,':' ~" ..... 

,." .. 

-.... , .. 

··.In ~lliS 's..Wend1x ~. wish to consider th~'r~quirem,¢n~s' uppn the dy-
" ' '.' \ 

' .. ' "'., " .' '-. ,:':; 

n~c ;rangeo;f ~,naiog 'circt4ts imposed bythesingie shot cp,aracteristics 
; -.... ."."'. ", ..... 

of. thE{ optic8.l..~ign~. :,With signals' of a sm~;U*~~r of counts per s~cond 

it iBne·~es·sa;y tOtUllpi~1fY each puls~ (eithe'~<inwlt,a~eQr dUration) in 
.' .. ' '. ' .. , ,. 

ordertoQ1;)'taln,ah:1.ghleve1 average. sign~.'If tllep~~dur~tion is 
',:','.' " ',. :' ,', , 

kept short'\:ih~~,the voltage must be ti!Jnp~ifi~d, a~~ th~s n~c::essitates 

a wi<J,e dynaIn.ic r"nge. .' ". ..: '. '. • •.... , ) . .'; . 
;;<,":: '.' .. " ;":: ., "':·:"6 
~,e cQ#Si~~! as"~ypical a sig~alof~90 countlSls,eo~tlO~ ;J!leQdura-

~~~~:', '. ,',:'" '.: >(' .. ;~ .. ~ .. ,.,. .,' '. .~::: .. ," '::" {' '. :" ; :..,: .' 

tion." FQr"na::yer~ge:f'iltered <J,c signal or lo.IllV,(th~:,:!Peakre$ponse of, 

theR~~ ~~~;~e;'must .. Oe 10. mV / (1~~o-6)~r +;oir;~t';the~tabtlitY 
:," ~ I 

of the, aiJi~:t.~er ntl,lst beaf the ord,erof o.i':mVo,'Y~rrlE!~requt~em~·nt on the 
" ,..... . ,~,};:"' .. ~ ... ~·i~::';:· '''.' "~. . ~ .... ' 

dynrut4~'r~~~~;ui~f 'cpurse be lesseneo. 1,1' th,~ p~se'W'id~h+~increased. 

However,in~re'astngthepulse width at the olltpU:P of '~he one .... s,hot' in-' 

creases~becoj,ncidenc~ loss due to shortly ~~~cJ~ puiaes~.CopE3equent1Y 
.:... ':: .. :,. .. , .," ':;:;':':"1' . ' ; .,",' .... '~.:"".::,. . '. > '.:."". .<.' <. ' 

. ~. . .. 

analog 'mean~ ~f~ in9reasing the pulse width are in~1cated.·How'ev~r, in 

ac workwlle~e the' ·pn.ase of the signal is1mporta~ti~ l.s necesaary that 

the broadened'~uIsestill be much shorter th~h· tQ;periOd pf the modula-
, ~'. . , : '. . ~. . 

tion (in tlle:p~E:!sent'case 277 ~sec) so that perhaps ~piy one order of 
~r .' ! 

magnit\lde<;~nb~ gained. 

Tp,elneans,of s;pre~~ingthe w'idthof the ,$in~e pllc;>toelect,ron pulses 

that~~s 'fo1J:nd;nio~t . satisfactory was to ut,i1izea'sha;rp;ty. tuned empli .. 

fier shch' ai;l'is,:in ~hesigna1 channel of the JB-5:Loc,k~~n amp1.ifier 

(Q N 25) •. The/;espo~eof such a circuit to: .• ,f~~t puJ,.se· (whose Fourier 

spectflim co~ta,1ns a1;).' freq,uenc1es) is to select :&eque~~ies about the 
.~.' " i ' .. :.> ' :" 

l 
i ., 

1 
I, 

I 

II 
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II 
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tuned fr~quency (1); i.e. , to produce a ringing sinusoidal wave form (Fig. 

E-l), decaying with a time const~nt T = 2Q/~ The rectified wave form 

(Fig. E-2) will be considerably spread out in time, the effective pulse 

width now given by T = (1)-1 coth (rr/4Q); for large Q, T = 4Q/rr(1). In the 

present case with (1)-1 = 44.21 ~sec and Q - 25, T = 1.4 msec. Now the 

required dynamic range is approximately 3 x (10 mV)/(lOO X 1.4 x 10-3) 

on the order of 0.2 volt, where the additional factor of 3 has been 

allowed for adding closely spaced pulses. Since the method of spreading 

pulses is analog the response is linea!' to the arrival of multiple pulses 

within the ring time as shown by Fig. E-3. A newly arriving pulse adds 

its'voltage to the residual voltage from previous pulses. 

The final requirement that has been p:J..aced upon the circuit is that 

it retain the time information of the input. photoelectron pulse. This 

information is retained in the phase of the decaying sinusoid compared 

to the rectification points of the lock-in as shown by comparison of . 

Figs. E-2 and E-4. The w'ave form in Fig. E-2 is rectified in-phase; that 

in Fig. E-4 is rectified approximately 90° out of.phase and makes no con-

tribution to the dc signal. Pulses of intermediate phase make appropriate 

contributions to each channel. 

The disadvantage in using sharply tuned filters in phase measure-

ments is of course the severe sensitivity of the output phase to very 

slight changes of the frequency. Quantitatively, 

d¢ = 2Q ~ (1). 

or for Q = 25, a phase error of 1% ia produced by a change in frequency 

of O. Cf2.%. 



XBB 685-2754 

Fig. El Response of tuned circuit to a single photon 
pulse. Horizontal scale: 1 m sec/major 
division. 
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XBB 685-2757 

Fig. E2 Lock-in rectified response to a single photon 
pulse (in-phase). Horizontal scale: 0.5 m 
sec/major division. 



XBB 685-2755 

Fig. E3 Additive response to two closely spaced pulses. 
Horizontal scale: 1 m sec/major division. 
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XBB 685-2756 

Fig. E4 Lock~in rectified response to a single photon 
pulse (quadrature). Horizontal s~ale: 0.5 m 
sec/major division. 
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Appendix F 

Circuit DiagraJllS 
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Fig. Fl. Current amplifier and pulse shaping electronics for optical detection circuit. Current amplifier 
is located close to the base of the photomultiplier to reduce dissipative capacitance, which reduces volt­
age of single event pulses from the photomultiplier. The integrated circuits are·used in the following 
functions: 7510 voltage amplifier; 710, Schmitt trigger; 914 monostable multivibrator (one-shot); 900 
buffer amplifier. 
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