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KINETICS OF NITROGEN DICXIDE FLUCRESCENCE
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.phase: nitrogen
dioxide ( Bl) have been measured as a function of excitation wavelength,
fluorescence wavelength, and pressure, The phase—ehift method was usedj
" this technique allows lifetime measurements to be obtained with signal |
intensities of 100 connts per second and lower. The excitation source,
tunable throughout the visible region, had & half width bandpass as Low
as 15 A, FluoreScence Waveléngthﬂ.separation'wasvaccomplished with |
interference filters. The radiative lifetimes range from 55 to 90 usec
for excitation from 3980 .t0:6000 A, and tend toincrease with excita-ywi;
tion wavelength however, the lifetimes exhibit considerable variation _
within a8 narrow excltetion region. |
- The fluorescence sample was contained in a 55 cm diameter spherical
bulh; apparent fluorescence lifetimes in smeller cells were reduced be-
cause of migration of excited molecules (under collision free conditions)
and wall guenching. In order that the measured lifetime exhibit no
more than 5%'error, observation must be extended beyond the excitation
region to a distance 5 times the product of the lifetime by the most prob-
able velocity. | |
The Stern—Volme;,analysis of fluofescence kinetics_has been general-

ized to a multiAIevel system. under conditions of modulated excitation
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ahd phase~-sensitive detectlon. Analyais of;fiﬁofeecence'data.in terme of
this inechanism yields average valﬁes for "e‘nleiféy't.ransfer .ra.‘te' constants
and efficiencies (emount of energy lost by the excited ﬁoljatohic mole-
cule per effective collision). Energy transfer rate constaﬁts for ex-.
cited NO, ( Bi) with a ground state collision partner are approximately

gas kinetic; efficiencies are approximately 2500 cm l.
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' INTRODUCTION

The study éf reiaxation processges is of major importanéé in coming
to an understanding éf‘the chemistry of gas phasé'reactibns. The acti-
vation éf reactant moleéulés in unimolecular reéctions aﬂd fhé stabili=-
zation of products in bimolecular recombination‘reactions take place by
the mechanism of éollisional'energy tranéfer.l’ngurther; fhére is an :
increasing body of expérimental work that indicates that a major fraction
of the enthalpy in certain exothermic bimolecular atom transfer reactions
is localized in the newly formed bondbimmediately.after the reactive
encounter.j-.5 The excited ﬁolecules are subséquently relaxed by colli-
sionél processes.

The use of fluorescence techniques to stud& the energy tfansfer '
processes of molecules dates to the early part of this céntury.6 In -

recent years a wide number of additional experiméntal approaches;,direét"

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

9 1

chemical activation;lo shock wave studles,

13

'sonics,a’8 unimolecular reactions,
chemiluminescence,12 and kinetic absorption Specﬁroscopy. Of these,

the techniques that make use of spectral observation of the équantum sfates‘_
participating in the energy transfer proéesses.provide the most detalled
“information, and fluorescence continues to be a valuable techniqde for

these studies.lh, In mrticular, time resolved fluorescence studies

allow a direct measurement of energy trénsfbr rates of energetic mole=
cules.15 Récent reviewszﬁffelaxation processes in'gases and the techniqueé

of their study have been‘given~by:Flygare,%§¢aﬁdpStevens.IT E |

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 exclted mélecules. Nitrogen dioxide
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is of inﬁerest 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 of energy transfer'p:ocesses in highly. excited
smali polyatomic molecules and-no direct evidence concerning these pro-
cesses in tri-atomic mblecules._ Previoﬁs experiments have indicated
that energy transfer processes involving NO2 take place with high proba-
bility18 and that such processes may take place by a stepwlse mechanism?g
Hence fhis molecule 1s well sulted to such :a study, "

2) There have been recent doubts cbncerniﬁg the existing value of
the radiativg lifetime of NO2 fluorescence.20-22 The existing value
(hhusec)lB’Qo is anomalously long for:én allowed elecﬁronic_transition;
as inferred froﬁ the magnitude of the absorption coefficient. ﬁo depen-
dence of the radiaﬁive lifetime upon the energy(of the excited molecule
has been reported previbusly, although such a dependence is expected on
the basis of radiation theory from the frequehcy factor in the A coeffil-

20, 23-2l

clent for spontaneous radiation. It has been anticipated on .

spectroscopic grounds fhat the fluorescence lifetime might exhibit fluctua-
tions because of severe perturbations in the upper electronic state.

Theoretical inferpretations of the causes of long fluorescence lifetimes

5, 25-28

in molecules have recently been given by several authors.

3) The fluorescence of NO. is bf interest as an elementary process

2 _
in the NO + 029'36 21, 22, 37, 38

and NO + O3 chemiluminescence reactions,

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

39, b

former casé, as an upper atmosphere reaction. Any understanding

of the rates of radlative dnd non-radiative processes that is obtained
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from fluoreécencelstudies can be used tb_increasa our'uﬁderstaﬁdiﬁg of
the chemical processes responsgible for the population and depopulation
of theﬂéxcitéavéiectronicistate innthésé spécific réactlons. .

_h) Nitrogen dioxide is advantageous from an experimental point of.
view. The molecule has an electronic trénsitioﬁ'in a spectral'regioh
that is well suited to experimental investigation. The upper state
is presumed to be the lowest: excited electronic state of the molecule
on the basgis of theoretiéal 'considerationshl aﬁd'of 8 éartial rotational
analysis of the absorption spectrum.uz Consequently, studies of the
relaxation processes are probably not complicatéd by the presence of other
electronic states. The lowest electronic tfansition of NO2 hes the
additional property of é-pre-dissociafion limit in the absorption reg_ion.h2
By use of excitation. close to.this limit the 5ehavior of(molecules‘iﬁ :
the neighborhood of & digsociatign continuum ﬁay be examined.

In a f;uorescénce stqu such as the present oﬁe)thé-system is dis-
turbed from équilibrium optically;‘fluorescence‘iSiﬁsed:analytically to.
observe the relaxation éf the system back to equilibrium, Optical ex-
citétion is an advantageous‘way_to study the lumineséence and assoclated  .
- processes, as compared to electrlcal or chemical ﬁeans of“excitation, as
- one is able to achieve highly mono-energetic eicitation and good time
‘resolution. Under conditions.of contlinuous, or de, excitation sucﬁ a:
system estgblishes'steady concentrations in all quantum states. For ac
excltation the systemlacts ags a set of‘lineaf circuit elements that
follow the excltatlion 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 mechanism of.relaxation'will be optical, that 1s, flubrescence.
For this to be true we also fequire that other processes, such as pre-
dissociation,ér diffusion to the walls, are negligible, Non-radiative
(collisional) énergy transfer processes begin to compete with radiative:
processes at finite pressures and at sufficiently high pressure become
the dominant mechanlsm for restoring the system to equilibrium. Thus
pressure 1s the significant independent,variable'available to play off
one relaxatlion mechanism against the other,

The remainder of this introduction is diQided into four sections.
In the first a discussion will be given concerning the relation between
the absorption cqefficient and the lifetime in electronic transitions
with specific reference to NOQ. In the-second,and third gsections will
be glven the theory of measurements by the phase shift technique aﬁd:a
resume’bf Sterﬁ-Volmer (quenching) kinetics. Finally, fhe previdus

studies of NO2 fluorescence wiil bevsummarized.

A. Relation Between Absbrption Coefficient and Radiative'Rate Constant

The original relétion between the absorption coefficient and the
redistive rate constant for an optical transition was developed by Ein-.

b3

stein. The basis of the relation is that absorption and spontaneous
emlission are inverse processes and mﬁst satisfy defailed balancing. The
precise matheméticél statement of the relation depends. on the dioice of
units for light intensity and absbrption coefficient. A useful and self-
consistent set of units has been given by Brc-:fwer.lm’u5 Here light in-
tensity I 1s measured in ﬁnits of quanta/(cmngecxunit frequency interval
_1) '

gec . The Einsteln B coefficient 1s used directly in the rate equation:



—%%L [molecuiee/(cm3Xsec)]' ; "B (1)

With these conventlons the electronic transition moment (squared) of

a single atomic line for electric dipole rédiation is given by

rRle _ 3h 1 B, —_— o (é).

. 1 4
€ - 8ﬂ3V &
The A coefficient (radiative rate constant) is related to the electronic

transition moment by

’ A, = _é%%}__ P 8"‘T|Ré‘ o K5)

In these expressions g' and g" are the degeneracies of the;upper-end '
lower states respectively, Vv is the optical frequency between the two -
states in wave numbers (cm” )

At this point we\wish to relate I and B to the usual (for kineticists)
 laboratory quantities I_ (quanta/cm sec) and k= 0, the absorption |

coefficlent in cm?. These relations are given by

=fodv : (4a)
I =fIav o ( (W)
The requirement to satisfy (1) that :r;o = I B is fulfilled,
We wish now to consider'molecular transitions. lUnder the assumptions:
1) fHat 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 thet the transition moment varies slowly -

with the nuclear configuration,
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then the_radiatién relatlions may be cérried over to molecular spéctroscopy:.hé
In molecular transitions the electronic moment, rather than being concen-
trated in a single.linej is spread over transitions to a number §f fiﬁal

statess Thus in the evaluatlon of the electronle transition mDment from

the absorption spectrum the contribution to the absorption intensity must

be summed over the electronle fransition-zh
. B
2 3h - 1. viv"
R e i P =
| el 87T5 Gy Vyty”
From (La)
.= 'é— —
e 8715 G V' vavn
. O_n ’ A
he 1 v ~
) ZTé e ()

The integratlon ihdicated in (5) 1s now to be taken over the entire

electronic band, We may deslgnate

o=-[ S av

~ A |
as the integrated absorption coefficient ha#ing'units cm?. G! ahd G"
are the numbers of sultable orbltals to which molecular transitions can
take place. The ratio G"/G' 1s equal to the ratio g"/g' of the electronic
degeneracies.gu_

We nOchonsider the rate of emisslon from the level v's Thié dis;

cussion parallels that of Strickler and Berg.25' The rate constant for

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

is given by



=T~

¥

| gt i (B 3
A = S IR G P (g)
where
‘. q ) |<¢ ’ rw.;., )42‘ I'..
viy" = AR AN RO

is'the Franck-Cohdoﬁ factor between the two vibrational ﬁave functiéns;

By normalizatioﬁ'and completenéss, (ige., by the assumbtion that thé
Franck~Condon region of the transition to the lowér electronlc state is"
concentrated entirely in the bound vibrational levals of. the lower staté)'-

we obtain the sum rule for Franck-Conddn factors?
3 , , - :
Qe = 1. & T (7)
v" .

The total fluorescence rate constant from level v* is given'by'the~sum

of rate constants to all v'gs -

v viv
vt v
L :
62""”' ”n :,‘42 ~
= S RS R
v
| g" - | |
= B —— o (P,) o8y
S A S A W e
where
~3 ' s . A -
<VVOF‘_—-C = Vz'v"' Ayryn (?)'

is the average of the fluorescence frequency cubed, taken over Franck-
Condon factors, This average may readily be obtained experimentally

as dgyelopedvby'the following arguments. The Franck-Condon factor is

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

I ) t « v . )
; vt v
Aty « | —53“"‘*“f . '. <lO)
' vt v '
If we define
T, on
E = 3 S (11)
o 52 .
vt ov"
“then
‘ q I vt v"
ty" T ~3
Y Yy E:
SatisfieSw(7) and (10), Consequently, we may write
(~3 ) 3"- ‘IV"V‘" ' : . -fIV' ‘ d.;
v . L= =
v* s I Ny vP) >
Ffp in Iv’v"/vv'v" : I(Iv'/; ) av _
- (12)

where the iﬁfegrals are to be taken over the entire fluorescence gpectrum,
The relation between the (measured) absorption coefficient and the

(predicted) radiative rate constant is now given by
i .
G" ~5

A, = Bme o 9 <V"">Fc (13)

It‘should be stressed that in order to apply this'féldtion both ¢ and '
<;3'>F-C mist be measured in independent experiments. Further (33,)
will be differenf for different v'. Consequently any com_arigon betwe;n
radiative fate constanté for different v! mustvtake into account the
.gmissién spectra of the tw§ vibrational lefels. Thils point has been
gtressed by Rddford and Broida.u7 Without knowledge of the emigsion

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

somewhat qualitative., However, a general conclusion that may be inferred
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e that the more energetic levels will tend to fluorésce Qt higﬁér energieg
end consequently will tend‘té have greater fluoreacence rate constantg |
- (shorter lifetimes). |

We wish to turn now to the application of.these.expressions to the
E—X trﬁnsition in nltrogen dioxlde., The red-brown colqr of gas pﬁase
N02 is due_to 8 strong very broad electronic'absorption which extends
from 2500 A in the near ultraviolet to at least 10000 A in the neér infra-
red.. . The gas is in equilibrium with its'dimer, which is transparent
at wavelengths greater than hOOO-A.h8 At the pressures of thg present
fluoreséence experiments this equilibrium_is entirely to the side of the
monomer;hg however, at the pressures required for obtaining absorption
spectra tge proportion of Ngoh is qgite glgnificant. Tﬁe problem wa§
overcome by Hall and Blacetb8 who used spect:a_obtained at two preésures
and the equilibrium datau9 to obtain absorption spectra of the two species
(Fig. 1). A continuafion of the absorption spectrum to 7000 A has been
given by Dixén.5o From the two spectra;’which are in good.agreement in
.the fegion pf overlap, the integrated absorption coefficient g was.ob—
tained by mumerical integration (Table I).

The entire resonance fluorescence spectrum of any vibrationsl level
of N02 ﬁas never been measured. Consequently the average quantity (33,)F ;
which is needed for application of Eq. (13) is not available, However, )
this guantity may be estimated by various means, First, from fhe absorp->
tion spectrum, the average frequency of absorp;ién may be detgrmined;8
(Table I) and used as an estimate of the fluorescence frequency. .However,

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

1) The absorption continues well bejond the dissociation limit
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Fig. 1 Absorption spectrum of NOo as determined by Hall and Blacet (Ref. 48)..
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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).
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Table i. Fluorescence lifetime of NO, calculated
from radiation relations

Integrated Quantity Value . Cale, ¢« Source of Ref.

: - Lifetime, iata

Hsec -

g ' .99x10"l9 2 absorption =a,b
fdd?/f(o/V) av - 25880‘cm’l. - 0.256  absorption a,b
[{GB)F_CJl/B | 12300 em™ 238 No+o0 e

=3, 41/3 L | |
[(v Yool , 6233 cm . 18f3 : NO + o3 | d

Results of numerical iﬁtegrations'cf absorption and fluorescence spectra,
Fluorescence lifetimes were calculated from‘ihtegrated absorption coeffi-..

cient, ) uging three‘éstimates_of the mean frequency of fluorescence,

a. Ref. )4'8

b, -Ref. 50
c. Refs 31

d. Refs, 21, 22
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30754, Whileifluofescence is obtained only from molecules with:energles
below that Limit, - | ‘
2) Fluorescence can take place to high levels of the gréund‘state.

5)F_C'can be obtained from chemiecsl

21,22, 31

The second approach to the values of (V

5 If it may be.assumed that the

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

‘reactions that yield excited NO..

fluorescence spectra of these chemiluminescence systems can be used to

B)F—Cf ‘These are given as well in Table I. The

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

obtain values of (¥

emigsion for the two'molecular'energiés populated by the reactionss -
however, since the spectra dre obtained at high pressurey. energy

transfer processes may have taken place'andﬁconsequently the fluorescence.v
‘spectra may be shifted to lower frequencies than for the resonance spectra. .'
Thése values should only be considered as rough'estimates of the <;§>F—C
factor that should be used in epplying (13) "bm; suggest that a factor

of from 10 to 100 of the'"aﬁomalously long lifetime" of NO, fluorescence
may be due to improper estimation of tﬁis quantity. Certalnly the spread
- in the values of the calculated lifetimes indicates the degree of cautlon
that must be exercised in applying the radiation relation (Eq. 13) to a

trangition that extends over as wide a reglon as the present one.

B, Theory of Measurements

The theory of the phase-shift technique has been developed by
15, 51~58

previous investigators. In general we may write the functional
relation between the modulated concentration E of an exclted state and
the modulated intensity Eo of the excltation radiation in terms of a

dimensionless complex transfer function F which 1s defined by the relation



Wwhere

k is the abgorption cross section,

G is the concentration of molecules in the ground state, ':<

Io = Ioe it is the modulated excitation light,

E =E ejmt is the modulated concentration in the excited state, and

~

o = 2mf is the angular frequency of the modulation.

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

. l . ' N . v X .
Pim e (2)
. i .
1+ A .

where k is the total rete constant for firsﬁ'order decay in the absehce'
of excitation radiatien. Expressions.for F for.other,kinetic mechaniems
are glven in Appendix A,

Experimentally, the transgfer function F(m) is. obtained by measure-
ﬁents of the intensity of fluorescence and the phase shift of the fluores~
cent . light with respect fb the excitatlion source, For fiﬁst order kineties
' in a single excited state the amplitude of the modulated signal is |

i
(® + o)

|_§| =- Q’Yk'f. lgl = oYykk Glzolﬁ

iz

(5)

where k, is the fluorescence rate constant (a subset of.k),- where & 18
the fraction of the total fluorescence spectrum that is within the speCtrdl
response of the detector, and ¥ 1s a geemetrical factor equai to the |

frachion of the emitted light which is accept'ed by the detector. The

phase shift is given by
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The désired-fate constant k may be obtained either from the decrease

in modulated amplitude or érom the ﬁhase shift; both methods are ex-
pected to give the same value for'k with the phase method more sensitiﬁe,
This has been confirmed by Birks and Littlé.sl |

In two instruments which have been designed to measure the phase

shift 6 directly, a calibrated phase shifter was elther manually set to

null the observed phase shift?2 or was mechanlcally swept through the null
region.§5 Theée means of measuring the phase suffer from the limitation

of short Integrating times, and in thevformer case pbssible errors of .
Judgment at low signal~to-noise. Presumably these diéadvahtages could
be overcome by the use of a servo-driven phe ge .shifter coupled to an |
integrator. An glternate‘tedhnique,which is employed 1n the present
experiment, is to measure the intensities of the in-phage and out-of-
phase components of the fluorescent signal b& use of a lock-in'detector'  '
_ gated with respect to the modulation signal. In single-state kinétics
the rate constant and the lifetime are obtained frﬁm the ratlo of thé

components?t

kK = ¢ = o SE°/S-90° | (5):

1

The modulation amplitude is obtained in the usual way

sl = (s + F)? - ®

This method has been used by Yardley and Moore15 and Johnston and co-
5l -56 '

workers to enable integratioh'timés to be extended arbitrarily by

analog or digital means.
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The inherent solvu-'c‘e of ‘erroi' in measurements of.' ra.te constants by B
the phase shift 'techhiquei is the propagated error of. the phase, In the |
'pre'sent technique that eiror Aenter.s in setting the i)ha.se*bf the lock-in
detector tio that of the excitation 1ight. If this error is designa.ted

as A ¢, measured in radians, .then from (h) and (5)

R I L (n

where R = S-9O° /SO° . This result hag : been given- by Kloss ‘a.nd, Wendel57 R
" and by Bonch-Bruevich, , |

The quantity (R + B'l) is. at a rather shallow minimum fer the exactly
tuned modulation frequency, ® = k. The error expression (7) sets limits
on the range of lifetimes that may be measured with a given frequency in

order to retain s desired precision.

C. Resume’of Stern-Volmer Kinetilcs

The kinetiec: scheme of excltation to and: fluorescence from 8,

Bingle excited state is known as Stern-Volmer kinetics 59,60 The

" elementary reactions in this mechanism arey

: Ioke : :
G = E : excitation '
k. : ‘ _
E S G+h fluorescence .
E+M % ¢+M  quenching

where
¢ 1s'a molecule in the ground state

E is a molecule in the excited state
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M is a quenching molecule which may or may not be G
Io is the incident intensity of excitation light, aﬁd

ké ig the absorption cross section,

The assumption of a single excited state and the conventional -
steady state assunption lead to the expression for the concentration 6f"

the excited state in a dc experiment:

: 1
E = Ik G sm——rt—s .
oa R FE N
The observed fluorescence signal 1s glven by
Szra«kaE e (2)

.Consequently the observed signaI should obey the Stern-Volmer relatioh!:
(S/G)-l « 1+ (kq/kf) ¥ (3)

where the consﬁant of proportionality equale.thesproduct (Io ka o 7)-1.
Even 1f all these factors are kmown the de . experiment is capable of
y?elding only 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) es the ratio of slope te intercept
in a graph of relative values of (S/G)-l ve. total pressure M. Such a
greaph 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)»‘l gshould be independent of the obgervation
wavelength,

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

tion of the exclted state from an established cohcentration E (0) at
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o

time & = O in the absence of excitation light 1g given by

E(t) = E(0) A

where : .
T = k *k M | - - (4) |

The inverse lifetiﬁe-f-l is the total first éiderv(in E) rate of depopu-
lation 6fvthe'exc1ted state. Consequently.a graph of T—} vg; thill |
y;eld values for-kf and kq independentlj a8 the Intercept and slope_re-..
spectively. The two quantities (S/G)":L and L are measure¢ independently
in different experiments, }The graphs obtained from each exﬁeriment are
expected to be geometrically similar; i,e., fo have the same slépe to
intercept. rét io. ’ -

An alternate graphicgl reﬁresentatioﬁ of the dﬁta may be obtained

 from the relations. .

v}(g/g)“ljm « 1 + (i:f/i:q) M":L | , o
and - | B )
] o .

-1
+
K M = ky k, M

A graph of either of these qugntities vu.‘the:;ﬁéerse.of the presgure.r"'A
(inverse Stern-Volmer plot) should again be linear, |

We wish now to treat.the'same mechanism in terms of the phaée shift
techniqueﬁ This method introduces no new kiﬁetiés,'but is merely.ah alter-
nate method of perforﬁ!ing the experiment. Fér simple ,Stern-Volmer kinetics
the meagurement of in-phase and out—of-phase signal intensitles as a .
function of pressure, at a single modulatién frequency @ = 2nf, is

equivelent to the indeperident measurement of lilfetime and intensity as a
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'functibn of pressure. This equivalence is developed as follows. _In an

ac experiment the differential equation governing the population E ig

E = - (x  +
o= I, %, 0-F (gptxg ¥

Lot the solution

where I is the incident (ac) intensity. For I = Io e
obtained for the.modittated concentration in the excited state is

y 1

' 1ot
ST T b B
. ‘ ) f.q
whence . |
Sfo= T a vk k - ot
/G = 1, & ¥k Xp K, + kM + 10
_ ‘ q
- _
jkf k, M o

= I, ay k k F The - I X T
o T Ta T ((kf qu) (&, qu) ;
For the lock-in measurement;-technique
§ = Spo =15 oo

In Stern-Volmer kinetics then

- ke + Xy M B
Se=I av kk (7
0 o a f (k_+ M)e 2 :
f'q
and
S s__9oo = I avy kk, 5 (8)

2
+
(kf kq M) + w

¢

the in-~phase and out-of-phase inteHSitieé,'are,the tw6 independently mgasured

quantities-in the experiment,: We now deflne the combinatorial quantities

R o/Sye Which is dimensionless and I = [(8,0)° + (S_9Oo>2] / 8¢

= S—9O
having units of intensity which, under the assumption of Stern-Volmer

kinetics, should obey the relationst
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: rL = (x, * ko M)/o  and ’R‘l-/M:; .(k-q-"{k“f ‘lM..l)/cn -
| )
-1

I a:'v:_].+‘(kqv/kf)M and I™/M «v»1+(1‘¢f/kq).M

vhere, as'before,'the constants of proportionalit& tARe' Into accounﬁ_the »fv,
product ( Io ka.a v)e The two quantitites I and R/m; are the phasge shift analogé
to the intensity measured in a ‘dc experiment and the lifetime measured |
in & conventional flash-decay experiment, reﬁpectively.
It ghould be stressed that the two quantities R and T are independent.
The two directly measured quantities Soo,end S_9Oo may be written in terms
of R and I e ' |
| 8,0 = I/(L +8%) R R
. : _ o o (10)
_ ..S-9O° ] IR/(l + R2) S _

i'D, Summary of Previous Studies of‘NQn‘Fluoreseence

The optically excited fluorescence of NO2 wag flirst oﬁserved by
'rNbrrish.sl The fluorescence was found to extendrfrom the wavelength ef

. excitation inte the red, and the Spectrun exhibited a broad, diffuse
structure. The.first‘quantitatine quenching studler of the-fluerescenCe
were n&de by Ba.x‘ter,62 who interpreted-the reeults in terms of the Stern-
B Volmer mechanism, finding that the quenching ratio k /k was very large.
The indication was that either the quenching was super-efficient or that '
'the lifetime of the excited moleeule was quite long. 'This question wag:
‘resolved by Heil63vnhpAshowed, from'the fact tnat>£he.molecules diffuse
the order of O.l cm in their lifetime, that the lifetime was necessariiy.

the order of 10 Msece
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' The first photo-electric measurements of the fluereecence lifetime
and quenching were made by Neuberger and Duncan (ND)}8 who found & life-
time of ﬁh psec, ND found no dependence of the fluorescence lifetime on
the wavelength of excitation for the regions 37504h150, hd50-h700, and
uhoo-sooo A. Attempts were made as well to measure fluorescence life--
times for excitetion in the regions 3300-3900 and 5200-5700 A. In the
former region no fluoreseence was observed; this was attributed to dlsso-
ciation, In the latter reglon fluorescence was observed, but no lifetime
was capable of measurement with their equipment. This wes attributed by
the ‘authors either to lack of sufficient%signal or to insufficient time
resolution of their equipment, ND also obtained a quenching rate constant
(6.0 x 10-11 cm?/moleculevsec) which was independent of the excitation
wavelength. .

Douglaseo has remeasured the fluorescence lifetime for exeitation
near 4300 A, and has extended the measunements to lower pressures of
N02 (Ool.mtorr)f than were used by ND, The fluorescence decay was:
found to be exponential with a lifetime of hh Hsec, and there was no
change in the lifetlme in the pressure region 0.l 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 exc1tation 0
wavelength, and for a given_excitation wavelength on the observatilon
wavelength, _For excltation at L4358 A the quenching ratio was reduced
threefold as the wavelength.of obsenvation was changed from 4580 A to

6330 A, This observation implies that the Stern-Volmer mechanism of



of a single excited state is not obeyed, dnd'suggeSﬁs that the quenching -
process consigts of the stepwise removal of energy ffom thé exclted

molecule,
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II., EXPERIMENTAL

A! 'Aggaratus

1. General Considerations.

An epparatus was designed to excite and detect fluorescence in theA
vigible region and to measure fluorescence lifetimes in the range 102200
p sec at extremely low light intensities. Since it was desired thet the_
excitation band pass be nerrcw and continuously tunable throughout the
region, & continuum'sourcee—monochromator combination wag employed rather
tﬁan an atomic line source. A block diagram of the apparatus ls given
in Fig. 2;.the components of the apparatus are discussed below.

The phase shlft method is especially suitable to lifetime measure-
ments at low fluorescence intensities as 1t makes efficient use of the
available excitation light (50% 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 x 10 D molecules / cm? in the ground state there were
typically 1.03 molecules / cm in the excited state., Signal intensities
were:of the order of 100 counts/sec; lifetime measurements may be made
at iﬁtensities well below this (e.g., 10 counts/sec) if the Integrating
time is sufficlently 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 |

s - (MR

where I is the average count rate and T is the counting time. Thus
for I = 100 counts/sec, T mugt be 100 sec for a nolse-to-signal equal

to l%l .
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For a real photon detector (photomultiplier and assoclated slgnal
‘ processing équipment):, the signal-to-noise will becdegraded from the ideal,

and the necessary integrating time consequently increased.

2. Tamp.

The lamp used iAnvthese_e;@erimen‘bsatwas a 1600 watt dd, high pressure
Xenon arc (Osram Model XBO 1600) s which emits a c;ontinuum over the spectral
range 24007600 A. ‘According to the manufacturer there is same structurg
to the emissién spectrum of the lemp in the region 4400-5000 A, probably
pressure.broadened lines; however, no indlcation of the exlstence of such
structﬁ.fe was observed in the output radietion of the sourée mohochromators.
The lamp was péwered by a Christie Flectric Corp. (Model MHXM-1600-28) sili-
con rectifier which ran on 208 volt, three phase AC¢ line current. The
ac ripple on the de light output Wa.s'Q.7 _p:ei cent, mostly 120Hz. Although
not stabilized, the lamp supply was rela.t‘ively consgtant. During the |
course of an experiment lasting several hours the curfent was normally
constant of 64.0 * 0,7 amps. The light output 'vari‘ed‘," approximately
as the :square of the current va.rv:i.a,t'ion° The input to the lamp wes normelly
64,0 amps x 25,5 volts or 1630 watts. The lamp house (15 cm diameter) |
wag water cooled.v' | |

According to the ﬁanufacturer the light output of the lamp ism c’on-
stant during its 1500 h ratellife. Any decrease in the light output, if
'uncompensa‘ted, will lead to systematic errors in measurements of relative
intensities. The mee.sureménts of fluorescénce intensities reported herel
were made with a néw la.fnp dui-ing 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 ihfensity standard (Seé.‘lO); Also, for a
éiven ¢xcitatién wavelength experiments at differentjpressures were'made;
in random order. | o

B.IIMonocHromafor;

Monochromation of tﬁe excltation iight wasvéccqmpi;shed by'Bausch'

and Lomb 33-86-02 (compact) and‘33~86;h5 (500 nm) grating monochromators -
in seriess The fofﬁer, used as a preémonochromator‘to reduée.total_
scattered light, was mounted at the side slit of the larger 1nstrument,
suchlthat tﬂe entraﬁce slit of the second’ monochromator served as thebexit‘
slit of the first. Radiation from the lamp was focusecwon the entrance
slit of the compact monochrometor by a quartz_cdndensér éystem supplied -
with the larger monochromator; this iens extended‘into the lamp.house
approximately.3 mn from the bulb. | | |

~ Under the usu;l conditions of measurement the s1it widths were l;5 mm
foflﬁhe entrénce slit of the compact monochiomﬁtor and 0.9 mm for the slits
of the 500 mm monocﬁromator; At these:slit widths‘fhe nominaivfull wildth
at half maximum intensity was 1l1.5 A« The measurea values were 15.0 % O;h A,
Thé slit function was observed by use of a Spex Industries model 1400 double
grating monoéhromator; a profile obtained for excitation at 4300 A is given
in Fig; 3¢ These measurements were not corrected fér variation in the
spectral responée:ofﬂ the monochrometor and photomultiplier in vieﬁ'of the
.harrow spectral reglon involved.v In ofder to obtaln a"representativé
sampling,of the beaﬁ of excifatibn radiation the entire beam waé_made:to
_ fall on a frosted glass platej,_and the scattered light from this plate was
observed in transmisgion. The frostéd plate was located approximately 20 cm
from the entranc§ s8llt of the Spek ﬁqnochfomator and no focuslng was used

- between the plate and the entrance slit, .



100

intensity

Relative

- Wavelength

XBL6E8B-3772

‘Fige 3. Slit funetion of source mondchroma_.tor. Normally the full wldth st half
intensity was 15 A; the 10% width was less than 30 A and 1% width less

-93"
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The waﬁelength calibration of the Spex mohdchromator was détermined'_
to 0.2 A with a low pressure Hg discharge (General Electric ‘Model No, |
GhTh h watt) and the wavelength calibration of the excitation source
'determined in turn from.this. The optimum tracking bf the two. source
monochromators was determined by trial andvérrér; at optimum tracking the
band pass was falrly symmetric:. and the intensity approximately méximum.
The difference in wavelength readingibetﬁéen the fwh monochromators for
‘ optimum tracking‘was.éonstant as s functioh bf wavelenéth.A Repeatabllity .
_inhsetting the source monochromators wes approximately 3 A, |

4, Modulator and Reference

' The optical modulator consisted of aimechanical hlade'chopper whéel
20 cm in diameter having 60 slots recessed 1,9“éﬁ from the circumference.
'.The.width of the slot wa.s equal to that of the blade.' The light was fbcusedv
anto the plane of the blade. The image'of the soufce»mohhchrbmator‘slit wa.s
approximately 1 mm ihbwidth compared to 5.2 mm for the biades. Tt was
desired to have an image of ﬁhe glit focqsed_as small as practlical in order
to minimize ﬁhe phase spread in the excitation iadiation, althohgh this re-
sults in a greater proportion of higher harmonics in the excitation wave form,

The motor used was & l/50 h.p. Bodine hysteresis synchronous motor

(Model No. NCH—lB) having a rotation speed of 60_revolutions/sec., With
the 60 hladed wheel the modulation frequency.produced.was 3600 HzZ; corre-
sponding to a tuned lifetime (45° phase shift) of Lh.,21 p secs This
frequency was confirmed by‘direct count and was considered to be;main-
'tained to.the précision'pf the 60_cyclehac.line frequency, which is
v gengrally better than 0,1 pércent. Any significént»variation in this’
frequencylmanifested itself drastically in-phase shlfts in the tuned ampli-r
fiers in the phase gsensitlve detector. There was a sllght ambunt |

of Jiﬁter in the 3600 Hz signal.compared to line due to the load of the
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blade on the motor; thls did not have any effect on the detectlon systema
The reference signal to drive the lock-in was teken directly from

the motion of the blade by a metal distance detector (Bently Nevada Corp.,
Model D-152). The signal from the distance‘detector wag flltered to
remove unwaﬁted high and iow frequencies., | |

Tﬁe filtered signal is capable of driving the lock-in direcﬁly at
any given phase; hoﬁever, since the lock-in uséd did not have a quadraﬁure
phase shifter, such a phage shifter was construcfed go that reference
signals separated.ﬁy 90° could be obtained. The schematic of the phase

shifter 1s given in Appendix F.

5. TFluorescence Geometry. -

Because of the effect of the geometry of excitation and ob;ervétion
of the fluorescence it was desired to keep thé §bservation fegion a8
large as possible. The geometrical arrangement df optical components
is indicéted in Fig. h; The excitation beam B was approximately
parallel throughout the.cell. The two magsks M served to prevent obser-
vation of any possible fluorescence by the walls themselves, and to prevent
obserfation of molecules excited near the Wallg vwhogse lifetime would be.
shortened by wall quenching, k
In order thatvthe photomultiplier would be able to receive radia-‘
tion from the entiré height of the fluorescence cell the housing was
designed to accept light from a wide angle. This was éccom@lished by
the use of‘an aperture plate A, which, together with the effective
cathode surface dlameter, .defined an angié of acceptance 6 (tan 6 = 0,31)
.such that all light entrant ubon the aperture within this'éngle would be

sccepted., With the geometry shown in Fig. 4 the entire height of the

bulb fell within this angle of acceptance,
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Fig. be Fluorescence geometry: front and side views of geo-

.- metricel arrangement for excitatlion and obsgervation of : -
fluorescence. - A, aperture plate, 34 mm diameter; B,
excitation beam, 20 mm X 25 mm; C, fluorescence cell,

153 cm diam; M, masks,
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The condition fhat was considered the most severe limitation of the
detection efficiency at largé distances from the axisAwas the curvature
of the sphericél;fluofescence-cell; at’ larger anéles:from fhe.normalaa
higher fraction of incident light is reflected. Because of this effect
tﬁe estimated dimension of the region of good detection efficiency was.

+14 cm about the axis.

6. Photomultiplier.

The optical detector used in these experiments was a high‘gain v
photomultiplier having a spectral reSpon;é to 8000 A (EMI 95584, §-20
respoﬁse). In use the tﬁbe was refrigerated 5y cold N2 gas passing over
the cathode areé of the tube; the temperature, meésured by a thermistor .
locafed close to the cathode was held to -56.4°+ L4°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 hovcounté/séc. However,
this dark current was non-statiétical' a significant fraction occurred in
bursts of 10 or more extending over approximately l msec. "The origin

of such sources of noise has been discugsed prev1ously 6k It is believed
that these bursts may be due to disintegrations of ﬁgK in the tube win-
dow; they were not observed in a model 9558QA -tube,which had a quartz
window, ' Li

The.high voltage power supply used was a Fluke model 408 B having
a ripple less than i mv RMS and a stability of-0.0Q% per day. The
photomultiplier was operated in the usual wa& with the cathode at

negative high voltage (-1400 v) and the anode load resistor (EOK) tied
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to ground. A copper foll shield surrounding the dynode area of the.tube

was held at cathode potential.

T« Spectral Caliﬁratiohu'.”

The spectrical response of thé détector (photomuitipliervplus inter;
fergnce filtérs) wes calibrated in order to obtain.flubrescence intensity_
spectra.. In such a calibration one usef a standa;d liéht s urce whose
relative spectral intensify distribution is known; from the specfrai
distribution observed withfa.given detecfor the relative spectral
response»of the deteétor may be obtained. _At a given obgervation wave~ .

length the detecfor observes a signal

5, (lamp) = .fx I(lamp) T(filteé) R(PMT).dx

-

‘where the integration is taken over the detection region, in the present
cas; over the transmission region of the interference filter. If I(lamp)

is known and is constant ovef the region of integratiqn, then
(TRAA)K = Sx(lamp)/fx(lamp) = fXT(filfer) R(EMT) an
Similarly, for the fluorescence signal
| sx(fluor.)3-=_ fKI(fluor;) T(filter) R(PMT) dr
whence
;x(fluor.) = Sx(fluor.)/(TRAA) : A' ._ -

= 5, (fuor.)/[S, (lamp)/I, (lemp)]

With these assumptions the quantity [Sx(lamp)/Ik(lamp)] may be’
teken ag a measure of the spectral fesponse 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 lamé designed for this.purpOSe
(General Elecfric Model 30A/T24/17) powered by a photbfregulated supply.65~
The brightness temperature of the filament ﬁas.measured with a Leeds and
Northrup optical pyrometer (Model No. 8622-0) which had been calibrated

- by the IRL dc¢ standards group. From the brigﬁtness.temperature the
‘thermodynamic temperéture,and spectral emissivify were determined from

the data of De Vos66 with a program written by Gabelnick,65 The results
of the calibration are given in Table iI.,

o An examination of the assumptiohs concerning the constancy of
I(lemp) and.I(fluor.) showed that these assumptions are subject to criti-
clsm for' the band pass of the interference filters used. Representative
data illustrating this effect are given in Table II, The magnitude of
thg ﬁncertainty in the spectral response factors for the various filters
result ing from this effect is probably the order of 20% in the blue
region, less in.the réd.

The interference filters ‘Were supplied by Baird Atomic Corﬁ. Trens-

.mission ¢haracteristics were determined on a Cary 14 Spectrophotometer.

8. Signal Processing Electronics. ' .

Under the conditions of these experimenté the optical signal was of
sufficiently low intensity (< 5x103 counts/sec) that the photomultiplier
signal was observable on gn-oscilloscope (Tektronix Model 545; risé time
20 nsec) as individual voltage pulses, or shots, corresponding to single-
electron cathode events. Under these conditions a consilderable gdvantage
in signal-to-noige may be obtained by treating the signal from the photo-

multiplier as digital information rather than analog.6h A possible tech-
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Table II. Wavelength response of photomultiplier plus filters

Filter Maximum transmission Band-Pass Relative - “'Intensity variation in .-
number frequency em~1 50% 10% response a ' calibration lamp ’ -
, , eml  eml _ $/100 em™t  4/504 B.-P

1 23200 * 50 - 458 807 1.69 ' 5.7 - 26,3
S 2 22170 | 260 W77 - 1.29 5.7 14.8

3 - 21460 , - 253 88 - 0.835 .
b 20790 = 4o - 238 Lsh (1.00)

5 20370, 274 Lol 0.878 .

6 19960 116 239 . 0. 428 5.6 6.5

7 19350 | 183 329 0.724 |

8 18950 . 180 334  0.6L45

9 17880 * 30 189 . 339 o.54 -

10 16960 164 293 S 0.ko5 5.3 8.6

11 15850 2y k52 o33 T

12 15130 * 20 185 3k2 0.371 5.2 12.6

13 14270 ‘ 185 3k 0.23%6 ' -

14 13320 © 195 339 0,063 o

15 12480 177 276 0,018 . k8 RN

Relative response (quanta/cm-l sec), normalized to No. L.

-GG
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nique, thus, would_be.to use the puise signal from the photomultiplier to
trigger'e pair of reﬁersible counters gated in qoadrature by the reference'
signal (digital lock—in).5h However, this technique suffers from the dis-
advantage‘of requiring a brecise knowledge of the harmonic content in .
the optical excitation waveform. Third, fifth, and higher ha.rmonics .
have different phase shifts from the fcndamental,Aand the contribution
from these can be teken into account only if their maghitude is krown.

Alternatively, an &nélog]IOCK;in.is«capable of-eelecting the.funda-
menfal frequency and rejecting higher harmonics by means: of a tuned
amplifier in the signal channel. It was in large part for this reason
that analog electronic circultry wes used in preference to dlgltal.
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 Moore6)+ was used to
convert the pulses froﬁ the photomultiplier into unifprm_pﬁlses suitable
for subsequent analog date handling.

The design considerations involved in using this type of circultry
have been discussed previously.6u The one shot used in the oresent work
differs from that previously described in the addition of preamplification
stages and the addition of a separate.oﬁe-shot folloWing the discfiminator.
It is capable of being trlggered by a pulse of 1,0 mV lasting 0.1 psec.
The discriminator level was set by methods discussed previously. ok In .
the present work the output pulse width was 1.0 psecj the recovery time
was 0.5 psec, Thus coincidence loss was less that l% for count ratee
up to 6 x lO5 counts/sec;, The outputvpulse voltage was attenuatedvto
approximately 0.5V, The circuit schematic is given in Appendix F,

In order to keep the circuitry fast artransistOrized current
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amplifier wa.s located at the socket of the photomultiplier tube. .Tne‘l
schematic of this amplifier is given in Appendlx F. |

| The output from the one-shot was fed directly into the. signal '
channel of the 1ock—1n amplifler (Princeton Applied Research Model.JB;5)w
Becanse of the single shot characteristic of the input signal to the . |
lock~in it was ne_ceseary to modify somewhet the usage of tne omplifier;
iepecifically it was necessary to operate at a lowoaverage dc output S
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 circuilt is given in
Appendik E. _ | A _

The output from the loekein was 1) recorded directly on & potene”
tiometer recorder (Varian, Model G-10) and 2) uged to drive a voltage
controlled'galerator (Wavetek, Model 111) which, with g’counter and
timer, was used to 1ntegrate the output signa.l.5h The time was con-
trolled by a crystal oscillator and provided integration periods differ~ '
ing by & precise factor of 2, of approximately 25, 50, and 100 sec. At
signal levels_sufficiently high tnat accurate readings ofgthe strip |
chart record could be taken the siénals from the recorder and‘the integra-
tor Were proportional to within l%;;ihe specified linearity of the voltage

controlled generator was 0,1%.-

9. Gasg Handling.

The vacuum and gas . handling system wag & conventional greaseless

* metal and glass line., A 2 in, oll. diffusion pump was water baffled and

ligquid nitrogen trapped; the pumping fluid was Dow Corning 70& silicone

. fluid. The section of the vacuum line used for handling and storage of = .
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the san@le uas largelj glass; other materials 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

the ceil was less than b x 10-6 torr, as measured with an ionization

gauge (Consolidated Vacuum Corporation, Model GIC-lO uncalibrated)

The fluorescence cell was & 33 cm diameter, 22 liter pyrex spherical
bulb; the neck was’Sealed against the atmosphere with a 10 mm greaseless
stopcocks 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 connectors The leak rate into the sealed off fluorescence S
cell was less than 5 x 10 7torr/h most experiments were made within a-
period of 10 h after the.cell was filled, but in & few cases measurements o
were continied on the next day. A cold finger was attached to the necklﬁld
of tne cell to allow for freezing out the sample.

Presgure measurements were madeewith a.capacitance pressure trang-
ducer (Datainetyrics Model 511-10, controller Model‘lOlh). ‘The theory of .

: _ , 67
this type of instrument has been discussed by Rony. 7

According to the
manufacturer the linearity of the present ingtrument was better than

0,1% over the range 0 to 10 Torr; in tﬁe present experiment using

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

The finite leak rate of the transducer (approximately 0.5 mtorr cm /sec)
through small diameter tubing to the vacuum gystem produced a zero offset -

in the pressure measurement (0.08 mtorr),. Conseguently, measurements

- of pressure were teken by difference. The impurilty in*the sample due to

‘the leak rate of the transducer was estimated to be less than O O}nmorrg
this was probably the most 81gnificant source of impurity.,

Nitrogen dioxide was obtained from Matheson and had 8 gtated purity
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of 99. 5% ‘The ges was edmitted to the vacuum line to approximately 20
torr and & portion was crystallized in ) cold finger at -78° C. The
residual gas was pumped off and the sample pumped ons The sample was
sublimed,vrecrystailized and pumped on several times. The crystels were
at all times colorless. Foliowing'this the samnle was twice distilled
from ~T8° to _196“, the first and last fra.ctions'being discarded. The
purified sample ;as kept in the dark at -l96°. ‘Prior to fillinghthe
cell the sample was recrystallized within the storage bulb and again
pumped on at ~78°. The fluorescence cell was filled'by admitting NO,
from the storage bulb at —78° into the ceil until the desired pressnre :',
was attained, o

The experiments were conducted at a temperature of 23.3°+ 1,3°C, -

10, Procedure.

For any set of incependent variables (encitation wavelength
observation wavelength and pressure) the two measured quantities Were
the 1nten51ty of in-phase and out-of~phese fluorescence. In practice,s
however, some scattered modula ted llght is detected by the photomultiplier,
consequently all measurements Were made a8 & difference betWeen signal with”'
the fluorescing gas present anq gsignal with the ges frozen out in the
-eold finger:oftthe céll, At the higher pressures, for widély-seperated'
- excltation and obgervation wavelengths,‘thevscattered'in-phase signal was
| less than‘one per cent of the in-phage fluorescence signal; at low pressnres;
for observation close to the excltation waveiength, the scattered In-phasge
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



w38

v

filter band pass. Because of the low pressures kiess'than 50 m Toff)'

no more than h% of the total 1ncident radlation was absorbed in a path
length of 33 cm, and correspondingky less at the lower pressures where
scattered light was more important. Consequently it was ccncluded that

-the presence of the gas did nd significantly affect the amount of . scattered
light recelved by the detector.

For each of the four measurements usually three to sii counts were
made of the‘output of the voltage controlled generafor. The léngth of
the integration‘periéd and the mumber of counts.takeﬁ Were'determined
from estimates of the signal-to-ﬁoise.‘ Tt was desired to have the
standard déviaéion of the sighal less than énevor two per cent, -

iﬁ order to set the phase of the lock-in detector to that of the
excitation radiati@n it‘was necessary to obsérve 8 represeﬁtaﬁive'saﬁplé
of that rediation, suitably reduced in intensity, This was accomplished
oy , : | .

1) The use of a ground glass scatter plate as discussed previously.
The entire beam was made to:fall on this piate, which wés.placed Lo em
from the aperture plate of the(photomultipiier. No foéusing‘was used
between the frosted platé.and,the photomultiplier; . _

2) The use of neutral density filters (Oriel Optics Corp. Type G-33)"
in front of the aperture plate of the_photomultipliér; The requiréd o
density was 7 or 8, .

When the lock-in is cbrrectly phased the signal for in;?hase detection is
at a maximum; for out-of-phase detection;“atTé,minimﬁm.w Measurement of:
the phase error &9, is.more gengitive in the out-of-phase channel because
the error signal is lineafly proportional to AP, The phase error was

measured ag &P = S_9Oo / Soo; the required tolerance'bn phase error
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was lipeflcent. After several fluorescenge méaguremenfs_the pﬁéée e¥ror'
was agéinvmeasuredito check for any drift. ‘., |

In order to ru}e out the effect'ofiany driff in the amﬁiitude respénse
of tﬁe system (excifaﬁion intensity or.instrument sensitiﬁity) it was
desired to have & feproduéible fluorescence sféndard; A quning yellow
"sharp cu " Pilter (No. 3=75) was found to emit a weak fluorescence for
" excitation in thé iegion 4000-5000 A3 for a giveﬁ exéitgtion waveléngth
the fluorescence intensity was quilte reproduéible. Corrections resultingf
from the use of this standard were generally no greater than a few per |

cent.
B, Resﬁlts

- 1. Effecﬁ 6f.Size of Fluoréscence Cell

i In exploratbry invéstigatioﬁs it‘was established thatvthé measuxédv.
lifetime at low pfessurés was & mngtion‘of-:-the 's‘ize‘of'tllle ‘fluorescjei.xce“‘v.'."
cell. After the apparatus had been adapted to use with a 33 cm sphericél.5 
bulb as fluorescence cell, ap experiment was.cdndncted to dﬁtain a'quanti;
~ tative measure of this effect by comparing the resultévof measurementé
‘obtained with cells of different size. Two cjlindrical pyrex cells (4.6
cﬁ and 9.6 cm inner diameter) were used in additioh tq the 35.cm spherical “
bulb. ’Aﬂ with the spherical bulb, the ends of the two cylindrical cells
were masked from the view of:the photomultiplier so that éﬁly rediation
from the central part of the éells was‘deﬁected. The dimenslons are glven:
in Table III, |

For this experiment the excitation beam was appréximately rectangu-
lar having dimensions 2,0 x 1.5 cm, All three.cells were filled to a

pressure of 1,3 m Torr. Excltation was at 5175 A and the detectlon was
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with a 2-T3 f£ilter. Each cell was ddapted with a cold finger for fréez-
ing out the sample gas; correction was made for scatteréd source light

2

by subtracting  the signal obtained when the NO' was frozen out. The
lifetimes were computed under the assumption of a single exclted state

ahd‘are'given inATable I1iT.

2. Fluorescence Lifetlime as a Function of.Excitation.Wéveiénémh.v

In this study.the fluorescence cell was’filled-té a low pressure'j
(1.3 * .1 mtorr) end the fluorescence lifetime was measured for exci-
tatiop Waveléngths ﬁrom 3975 A_to 6000 A, The éxcitation baqd—pass wésA'
approximately 25 A,'full wldth at half‘maximum. The fluorescgnce wag |
observed through a.Corning 2-73 filter for excitation wavelehgths shorfer
than 5400 A, or the appropriate "sharphcutﬁ fi;terzfor‘higher exels :
tatlon wavelengths to reduce scattered light from the sburce. At the'.
extremes of the excitation reglon the}flﬁoreseence ﬁaslquite weak, and
congequently the uncertaint& in the measurements is increaged. The
measured lifetimes were 60-90 psec throughout the éxcitatibn region,

The data are given_in Table IV:and'Fig. 5 e Fiéuré'5 elso shows thé
results of several individual measurements for excitation in the regilon
around 5175 A with en excitation band-pass of 12 A.

The lifetimes were computed on the assumptioﬁ of & singlé exclted
state and were’not corrected forlquenching.l Sinceaan observed lifetime
st finlte pressuwe 1Is shorter than the radiative lifetime ﬁhése measﬁre--
ments represent a lower bound to the radiative lifetime, However at the
pressure of.these measgurements qﬁenching wuld not shorten the lifetime
by more than ten or twenty per cent.

Conglderable attentlon was paild to the possibility that systematic
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Table III

Effect.ofusiée,pf.fluorescencehcell_onnmeasuredulifetime

Cell Dismeter  Overall length  Length of cell:
. visible to PMI

em . - em ~em

Apparent lifetime -

- - HUBec

e 75 3.0

9.6 125 R 5.5

35,apherfeal me= 198

6

80




Table IV. Fluorescence lifetimes for No, at L3 mtorr:

for excitation 3975 - 6ooo Al
- Excitation wavelength.: ' Lifetime
‘ A usec
3975 58 /&b
%000 55,7 * 1.2
4100 59.8
4200 604 It
. L300 2.k
~ 4k00 S 59.h
RN 633 -
4500 63.2 £2,2
575 . 65.3
L4675 2.7
Ry ) 169.0
4875 1.7
k975 - T2.9
5075 3.2
5125 T3
5175 o T9.8 k2,2
o osees5 L TS £ 1.5
575 72,8
5325 7943
5375 - 85.3
5450 T3ek
5500 ThoO
5600 90 %3
5700 73,6 £ 1.8
- 5800 80 £33
5900 70 =4
6000

T b
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Table IV v(cOntinuéd) ) _
Excitation*band-péss was approximaﬁely 25 A, full width at half'>
maximﬁm. Observation was with Cbrning 2~73 filter for excitation waves.
lengths shorter than 5400 A and the appropriate "sharp cut’ filter at
higher wavelengthé. Errors given ére typicél and repreéjnt two standard

deviations of the mean as determined from the scatter of the data.
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R 5150 5200 (O]
3000 4500 .
o Excitation * wavelength  (A)
'Fluc;rescehce lifetime oi; NO2 gas at 1!...‘3:':10"3 turr pressure

ag & functlon of exciltatlon wavelength. Half wldth of ex-
citation light was approximately 25A. Error bars are typical

and were determined from the scatter of several experiments.

Inset shows individual date polnts for the region around SLTHA,
exclted with 12A half wildth. Data points for the same run are
connected; points within a run were taken in random order.
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.errors'mightfte responsitie'for obeerved‘fluctcationssia_the ﬁeaeuredv
| lifetime, chavoid this poesibility ﬁeaeurements'of‘lifetimes at aif-
ferent excitation wavelengths within.a narrow reglon xerz.made}in.randomi f:
order, and the phase of the instrument was checked frequently and‘at
different wavelengths. |
In addition to low pressure studles exploratory investigations
.were made at a higher pressure (36;0 mtorrw) to extend the range of-
excitation wavelecgths to wlder limits, The higher. pressure was neceg- _‘
gitated by the decrease in fluorescence signal in the extended region.
‘At the higher pressure the lifetimes were of course ehortened signficant]y N
fram the radiative 1ifetiaes by quenching processes. At’36;mtorr,;it
' was possible to observe fluorescence with the excitation wavelength set .
as lowvas'3950 A. The fluorescence signal decreased by & factor of
approximately hOOO between excitation at 4050 A and 3950 A. The ab;
gorption coefficient and the lamp intensity are relatively constent in 3
this region, Consequently this decrease in_intensity.represents a decrease?'
in the quantum yleld of fluoréscence., However the observed iifetime _
(with Corning Filter 3-70) remained relatively constant (+ 25%) 1in this-
reglon, These data are given in iacle Ve
At high'wavelengths it was possible to measure fluorescence life-./
timee for excitatlon as far to‘the red as 6800 A, (TableeVI).. The
- observed lifetime was relatively‘constant as a'fanction of excitation'”

energy for excitation extending throughout the reglon,

3+ Pressure Dependence of Fluorescence Lifetime and.IntensitX“
These studies were conducted over the pressure range O 5 to 50 m

Torr for three excitation wavelengths, hOOO, MBOO and 4800 A. For each
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Table:V.'FiuoreScence lifetimes for NO, at 36 mtorf,

excited near the-dissoclation threshold

~ Excitation
wavelength, A

Los0
Looo
3980
3970 
5960 
- 3950

Lifetime,
p sec

1h.i + 1
18.3 1
22,8 £ 1

23.2 £ 1

20,0 £ 1

15.5 & 4

e r2.5x107

Qﬁantum yield,

. relative to 4050 A

1
o3

Ok
9>’<:10“LL
- sxot

i

' Observation was with Corning 3-70 filter,: Errors in lifetimes

are evaluated from Eg. (I~B—5)nandhthenscatter of; the.data and represent

- estimated tolerance limits, Excltation band pass_was'QO A, full width

at half maximum. Quantum ylelds are calculated assuming constant lamp

intensity and absorption coefficilent.



Fluoreacence lifetimes f°r N02 at’ 36 mtorr for“excitation wavelengths o
| | : hooo-68oo A. SR | P

Excitetion . . Filter, ILifetime,
Wavelength, A COrnlng CS No. . Lnsec

400 23 15.6m
%00 e maa

-+ 6000 .; S “:7i3.7t1f31“_””}

'rl’68003fi f i;17ff:27:;§5»”"7;69 iH“f:&. . f12.01h5'f;:‘ﬁ 5
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set of experimental conditions (excitation'wavelength'TObservation” wave—.

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

appropriate differences teken to correct for scattered light from the" :
empty cell., The quantities tnus obtained, Soo and S-9O° were the uncorrected
in-phage and out-of-phase signal intensities. These intensities were
normalized by dilviding by.the pressure of the absorbing ges and corrected
for the amplitude'responsevof the system‘and for the‘wavelength response

of the system for the interference filter used;j;These corrected data
were used to compute the intensity ratio: R Los o/S 90°? and the inverse

Stern-Volmer intensity, rt

= soo/(sga + s_9oo). (See Sec; I-c)f The
uncertainties<(fractional gample standard deviations) in these quantities
were computed from theispread in the original deta from the counter. All'
of these quantities are given in Table D-I, aB are the apparent lifetimes,
computed by the expression T=0 -1 R.

For each set of neasurements with a given excitetion and obSeryation ;-'
wavelength the quantities Tl enda 7T Were.graphed.es a function of
pressure and fitted_by the method of least squares;i These quantitiesv

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

~earlty for Stern-Volmer kinetlcs, Any deviations ‘from: linearity were

expected to be small and readlly fitted with 8 small number of parameters.
The purposes of least squares fitting were:

1) to obtain values of zero pressure intercepts and high pressure

 glopes by extrapolation and to maeke quantitative estimates of the un-

certaintles in these quantltles and functions of these guantities.
2) to reduce the error in the estimated values of the quantities’

I, R, Sy, o, etc. by using all the data, and to be able to estimate

90

these quantities at arbltrary values of the pressure.
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-3) . to make quantitative estimates of the magnitude of deviations

from linearity in the data. " e -‘iv o E ”~‘*?l

The fitting functions used and the criteria\for selecting the "best" ,

~ fit to the data are given in Appendix D.

The detailed interpretation of these data will be discussed in.
Sec. ITY ~ C. This interpretation is based on the discussion of multi-
state 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 SternAVolmer'(singleneiCited_ f

state) kinetics., - The measured lifetimes were different at different
observation wavelengths. The quantities R and I exhibited pressure

dependences that were different from one observation wavelength to anff

other and from one'another at the same observation wavelength, Further; o

the graphs of these quantities as a function of pressure were, in general,'

'_ not linear, Consmdered as a function of. fluorescence frequency, the .
‘observed lifetimes at high pressures were much shorter at high frequene :
cies, close to the excitation energy, than at low frequencies. lhe 7
fluorescence sPectra showed:avoonsiderable shift toward lower-energy
(red shift) as the pressure was increased. These results_will he dis-
cussed in more.detail in the remainder oflthis section, v |

We consider first the intensity ratioaOr "lifetimeﬁ data. In =
- Fig., 6 are.given'conventional Stern-Volmer‘plots'offsuch'data'for the
three excitation wavelengths. The zero pressure intercepts of these |
graphs should, -in the single state assumption, correspond to the fluores-
cence rate consgtants (inverse radiative lifetimes) If an observed state

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

zero pressure intercept should gtill be the fluorescence rate constant for
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' Pig, 68  Stern~-Volmer grephs of lifetime date, Fxcite-

. tion energyt L4000 A or 25000 em~L, Observa-
tion energy: A, 232003 B, 20370; ¢, 14270 cm~L,
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Fig. 6b. Stern-Volmer graphs of lifetime data. Excita-
tion energyt 4300 A or 23260 cm"l. Chgerva-"_-
tion energy: A, 221703 B, 17880; C, 14270 cm™t
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Fig, 6c. Stern~Volmer graphs of lifetime dats, Excita-

tion energy: 4800 A or 20830 em~L. Observa- -
tion energy: A, 19960; B, 17880; C, 14270 cm-1,
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the initially'populeted stafe.‘ However, as nay_be seen‘frcm ?ébielViI'
there i8 a significanf amounf of variance inithese zero pressurelinter-f.V
ceptsr(for 8 given excitation wavelength)'indicating that molecular states’
of congidersbly different lifetimes are directly populated by the excita~~
tion light within the band-pass of the monochromator. Since the observa-.-
tions yleld an average of the detected fluorescence rates the observed
variance sets a lower. limit tc the variance in the rate constants of
the individual quantum states. |

We now consider the pressure dependencevof the;lifetime'data. zFor',
observaricn close to the excitation wavelength the appparent quenching .
rete constants (slopes of ;va,e‘rn-Volmer graphs) are steeper than when |
ebservation is at lower energles. If we agsume that the interpnétatieni
of Stern-Volmer,kinetics is valid for the fluorescence af tne highest
observed energies, tnen_the slopes_of ﬁhese graphs my be considered
to be eqnivalent to quenching rate ccnstants. 'The rate -constants ob-
tained in this way'for the three excitation warelengths are given'ini‘fxil
Table VIIIL. : |

From fhe fitted functions for observations at each frequency tﬁé'i"*ff'
lifetimes at varieus pressures Were'computed end plotted as a funetionrz'
of frequency (Fig. 7+ The points were connected by means of Iagrangerc
ian interpolafion; these.interpolations-are given as merely sugéestive .
and do not represent actual measurements.

The ilfetime data were elso plotted according t0 the.. inverse Stern- -

' ’Vblmer relation (v~ /M V8. l/M) Examples of such plots are glven in

Fig. 8. Such a graph allows extrapolation of the data to infinite
‘pressure (l/M = 0); the infinite pressure slopes of the conventional

Stern-Volmer plots become intercepts of these inverse plots. A finlte,
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Teble VII, Spread ;n :gdiativ§vlifetimes

Excitation wavelength Radiative lifetime Spread

A - p sec N
4000 | - 586k - - 10
4300 o 62-76 20
4800 ; 60-80 :, . 30

Lifetimes were obtained from extrapolation of Stern~Volmer éurves

. to zero preSSure. Values given indicate extremes measured at different

fluorescence wavelengths.




Table VIII, . Apparent quenching rate constants for'fluorescehce
: ' at energy close to energy of excltation

Energy of excitation ' Energy of obser- - k (apparent) P
A : ém~~ . '  vation om” 3 . -
o cm’ /molecule sec
4000 - 25000 23200 - 1..l.92x107t 0.84
300 2360 22170  neeao™ oss
100 20830 19960 - 1.60x0” . 0.70

Quenching rate constants were computed from slopes of Stern~Volmer
lifetime graphs, P is "quenching" probability per gas kinetic collision,

computed using molecular diameter from Ref, 86.
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Fig. Ta. Lifetime spectra as a function of pressure., Life-
times were computed from fitted curves of R-1 by the
Stern-Volmer relation T = -1 S_go°/Sy°. The running
index gives the pressure :in m torr. The relative lifew
time distribution obtained from the infinite pressure
extrapolation is not scaled with respect to the ordinate,
Excitation energy, 4000 A or 25000 cm-l,
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Fig, Tb. Lifetime spectra as a function of pressure, Lifes
 times were computed from fitted curves of R-l by the
Stern-Volmer relation T = @=L S.90° /SOO. The running
index gives the pressure in m torr. The relative
lifetime distribution obtained from the infinite
pressure extrapolation is not scaled with respect to ,
the ordinate. Excitation energy, 4300 A’ or 23260.cm~L,
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Fig. Tc. Lifetime spectra as s function of pressure. ILife-

times were computed from fitted curves of R-l by the Stern-
Volmer relation T = o=l S.90° /SO°. The running index gives
the pressure in m torr. The relative lifetime dlstribution
obtained from the infinite pressure extrapolation lg not
scaled with respect to the ordlnate. Excitation energy
4800 A or 20830 cm-L, |
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Fig.. 8a., Inverse Stern-Volmer graphs of lifetime data.
. Excitation energy: -4000 A or 25000 cm~L. Observa-
‘tion energy: A, 23200; B, 20370; C, 14270 cm~l.
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non-zero intercept in such & plot indicates that there 15 & first order
dependence of the inverse lifetime upon:pfeésuré at the higﬁ'pressure
Limit; this was found to be the case in all instances. " The high pres~
sure slopes (kq appargnt)‘were computed from the fitted functions'and o
are given in Table DI, From the inverse of these slopes the infinite
pressure limif of ™ is obtained. Spectra‘of these limiting lifetimes
are given in Fig. Teo | |

The inverse intensity data were graphed according-to the Stern~Volmef
ﬁheory in thé same.way as the ihverse 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
finité intercépts‘in both the convenfional and inversé Stern-Volmer plots,
indicating that the quenéhing at high pressures was first order in totél
pressiire, (Figs. 9,;1@);5_ .

As with the lifetbne 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 pfesentation of the data) the relative response
factors of the detector for the various interfereﬁce~filters . ve been -
‘employed; consequently any error in the determination of these responge
fa,c’cor;ss,= (Sec., IIHA;7) will enter into the intensify spectra. Suéh error
will appear as the systematic raising or lowering (by a fixed émount) of
the iﬁtensity at one observation frequency relative to that at another,
Again, froﬁ the high pressure slopes of the data it waé possiblefté cal~
culate infinite pressure limits to‘the intensity spectra. These data are
j given in Fig..1l1l..
It should be pointed out here that the.fluorescence spectfa extended

in all cases beyond the limit of observation (7000 to 8000 A). This was
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Fig. 9a. Stern-Vélmer graphs of intensity data, bEn.tcit_:a.-v :
- tlon energy: LOOO A or 25000 em~t, Observation
"energy: A, 23200; B, 203703 C, 14270 cm-L,
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Fig. 9b. Stern-Volmer graphs of intensity;data.; Excita-
tion energy: U300 A or 2%260 cm~t. Observation
energy: A, 22170; B, 17880; C, 14270 cm~l.
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Fig. 9c. Stern-Volmer graphs of Intensity datas Ex- =
citation energy: 4800 A or 20830 cm-l. Observation
energy: A, 19960; B, 17880; C, 14270 cm-i. :
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Fig. 10a. Inverse Stern-Volmer graphs of intensity data. -
Excitation energy 4000 A or 25000 cm~l. Observation
energyt A, 23200; B, 20370; C, 14270 em=-l,
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Fig., 10b. Inverse Stern-Volmer graphs of intensity data,
" Excitation energy: 4300 A or 23260 em=L. Observation
energy: A, 22170; B, 17880; C), 14270 cm-1.
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Fig. 10c. Inverse Stern-Volmer graphs of inté,nsity data,
Excitation energy: 4800 A or 20830 em~L:. Observation -
energy: A, 19960; B, 17880; C, 14270 em-1,
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true for the resonance fluorescence (zero pressure) spectra as well as
those at higher pressures, indicating that a broad spectrum 1s a property
of molecules within a localized energy region and not merely the conse-
quence ofla broad distribution function of molecular energles.

The change in the Ehepe of the fluorescence spectra indicates a
changing distribution fUnccion of the excited nolecules. The fact thaf
fluorescence at high energles 1s more strongly‘quenched than at low ener-
gles is suggestive.of energy transfer pﬁoceSees that remove energy step- i
wise;fron the excited molecuies rather than deactlvation of the excited
molecules_in a singie ste?. Thils interpretaﬁion is strengthened by
the observation of fluorescence enhancement at long wavelengths for the
case of excination at 4800 A (Fig. 9c). In this figure enhancement is
evidenced by a negative slope in the Stern-Volmer plot at low pressures,
States fluorescfng at the observation ﬁevelength are collisionelly popu~

lated (as pressure is increased) before overall‘quenching becomes dominant,



TTT. DTISCUSSION -

: A;_ Effect of Molecular Migrations on Lifetime Measurements

The low pressure lifetimes in the present experiment (55-90 usec)
are slgnificantly longer than have been reported previously by Neuberger
and Duncan18 and by Douglas, (hh L sec)y  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 colllsions, or by colli-
gion free migration of excited molecules outside the region.of:observa—'.
tion, This conclusion 1s based on the following consideretions:

1) Avcalculation of the effect of molecular migretion 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 = th.where vbiis‘the
most»probable molecular velocity, For N02 at 295°K, assuming a value for -
the lifetime of 80 psec, the distance r is 2.7'cm. The radius of ob-
servation used in the present experiment was 1& em 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 '
v'from Fig; C~1 of possible shortening of thelr measured lifetimes is'not»
pdssible. |

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 reglon have been
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extended sufficiently, it does suggest that the.meésuredvlifetimEB are at
least approaching the true valuess ‘
3) The measurements of fluorescence llfetimes made with cells'bf

smaller dimensions were significantly reduced from the lifetimes with

the 33 em cell and were consglstent with the predictions of Fig. C-l., - This

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

the qrder of 5 en, and’of guenching upon collisions of excited molecules
with the walls of the cell.

With respect to the existing values of the lifetimes of 302 flubr- :
escence it was felt that molecular migratién might be responsible for |
errors in these values as well, Greenough énd'Duncan68"have reported a
value of 44 psec for the lifetime of the ilBl state of SO, excited in the

pl

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

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

and of the region of observation are not expliéitly stated. Assuming fhat
the lifetime of SO, is in fact L4 psee, then R/p = 3; the resulting error }
in the lifetime would be at least 15%. Douglas?o hag reported a meésure-i
ment Qf the SOe,lifetime which is 50% greater tﬁan that of Greenoughv

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

"excltation wavelength. Again, the dimensions of the fluorescence geometry

are not glven, Méttee69 haé inferred from measurements of quenching of

SO2 fluorescence that the llfetime may change by an order of magnitude

as excitatlon increases from 2650 to 5i30 A, The lifetime of SO2
fluorescence should certainly be remeasured under conditions in which
the observation region 1s sufficlently large that the lifetime 1is not.

governed by molecular migration.



B. - Fluorescence Iifetime of N02

The present experiments yielded values for radiative lifetimes
of 55 to 90 psec for excitation in the region’ 3975 to 6000 A and indicated
_that the lifetime continues to be long to the low energy limit of excita~
tion energies used, 6800 A, and that there 1s: a definite trend in the
1ifetime as a function of excitation energy (longer lifetimes at lower
excitation energies). (Figure'5, Table IV)s :The observations were at
variance from the predictions of molecular radiation theory as developedn‘ )
in Secs I-A in severalzwaysx _ |

1) The absolute magnitudes of the fluorescent lifetimes were
greater than predicted from the absorption and enission spectra by a
factor of 3 to ho, depending on the cholce of the average enissionj
frequency (53)F_C; because of consideratione whlch are developed in_Sec.
G, the latter value is thought to be a fair estimate of the factor by
which the lifetimes are anomalously long. |

2) ‘The ratio in observed 1ifetimes at the extremes of excitation

energies used (4000 to 6000 A) was only 1.6, whereas, other things being::'7 )

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

of (6000/4000)° ~ 3.k, | -

| 3) Distinct fluctuations were observed.in the radiative lifetimes
as a function of excltation energy and also” for the narrOW‘épread in

excitation energy in the monochromator band pass (60 em™t

full width
at half maximum),
For these ressons .we must consider the radlation relation for mole-

cular transitions (Eq, I~A-13 °) inadequate to predict the radiative

lifetime and the assumﬁtions upon which it was derived inadequate to
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conclusion has‘previously been reached by‘Douglas.ao The inadequacies 

deseribe the molecular dynamics of the exelted state of NO.. Such a

of.the relation may be considered in terms of the assumptions that
were made in the derivation (Sec. I-A)1?

1) The Born—Oppenheimer (B—O) approximatidn.

2) The invariance of transition moment.

Assumption 2) has been the sﬁbject of cohbiderablg'investigation
in diatomlc molecule spectrascopy. Nlicholls and ckoorkeis have iﬁter—
preted the transition moment as a slowly varyiné function of the centroldd.:
(wv;lr]¢¥;) of the vibronic levels. Aé a consequence of the varlance
of the transition moment the lifetime is somewhat dependent upon the
level of the upper state, aslde from the frequency-cubed factor, A
review of the r-centroid approach has been given by Nlcholls and |
Stéwart.7o | | | A _

The same type of approach could in principle be exteﬁded_to poiy~ a
atomic molecules, but the approach until the present timevhas beén
'entirely qualitative, On the basis of correlatioﬁ diagrams between_bent.
(90°) and linear configurations of AB, m.oleculesAWalshhl has predicted"
the energy dependence onvbending angle for trlatomic molecular orbitals;
see also Ref. 46b, In such a molecular orbital plcture N’O2 may be con-
sidered as & CO, "mucleus" plus one additional electron. Thisladditional

2
electron is in a (alanu) m,0. which falls sharply in energy as a function
of bending angle, The low lying electronic transition in NO2 corresponds
to the promotion of this electron to the (bl-ﬂu) m.0. whose energy is

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

i1s expected to be in a linear,or more linear, configuration in the upper
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state, and thls expectation 1s confirmed b&_thevanalyéis of the absorption
'spect:r't,tm.h2 Thus a decrease in the transition moment with the bending -
coordinate will decrease the radiative rate constant. This possibility""

1

hés been suggested by Mulliken ™ to aceount for the ldng fluorescence

lifetime of NO,, If such a mechanism were responsible for the long

" 1ifetime, however, the lifetime would be expected to decrease rather étrongl&‘
with ihcreasingﬁvibrational~quantum'number-in,tﬁeabendingsepordinéte,_and
correspondingly with the energy of the upper state. Since the observed
lifetimes were more constant as a functlon of excitation energy than |
expected, this mechanism does nothappear to be the reason for the |
.rincreased radiative lifetime, |
-28

Jortner and coﬁorkerse6 héve recently considered the validity
'of‘the Born~Oppenheimer approximation in moléoular transitioné. If

there exist perturbétions 5etweeq the‘uﬁper electignic state and any
other electronic sfate'having an appreclable level density in the ab-

- gorption region then the B-O wave funetions will not adequately describe
the upper sﬁate. Rather the true molecular wave functions must be

written as s superposifion of B-0 wave functlons, which may be used as

a basis set1
: 1 i
Vi rue ’f Yo <¢B0|wtrue>

The transition moment to the ground state, which in the B-O approximation
would beloné to a single exclted vibronle state is, under these conditlons,
spread out among & number of true vibronie states, The total transition
moment, as measured by the abéorptibn coeffigient_integrated overvthev

electronic transitlion, 1s conserved; however, the transition moment to
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the ground stéte from a.given/£rue;vibronié:lévelyfWhiéhhdeterminesgthé :
radiativevlifétime, is reduced by the factor l<¢bo‘¢%iue>|2 . If the
perturbatioh is small, this factor will be =~1« -The magnitude of such

a factor 1s, lacking an exéct solution of ‘the molecular Haﬁiltonian,
estimated by the'density of the trué molecular'leveis'and the maghitude_
" of the coupling ﬁatrix element. Such estimations have been discussed by
Jortner and Ber'r;y'.'a7 4

In the case of N02 there exisfs a gtfong perturbation of the upper
vibronie levels by Renner effe¢t coupling with the excited vibrational
levels of the ground electronic state.h? The Renner effect isAdue to -
the interactién‘bf the angﬁlar momentum.éf the bending vibration with
the elécfronic éngular momentum, As a consequence of.this interaction
the two electronic states 2Al and 2Bl’ which are non-~degenerate in the
bent configuration but which correlate with the degeneratelel'lu stﬁtes‘
.in the linear configufation, are coupled wlth each othér. A given |
| vibronic level méy thus not be assigned uniquely to either of the two
Born~Oppenheimer potentlal energy surfaces_corresponding to the two
states. This subject 1s discussed in detall in Ref. 46e.

In the upper vibronic levelsipf the B,~-A; transition of NO, thetv.:
magnltude of the perturbation is;such that, aside from a few simpie sSube
bénds for which the perﬁurbation 1s forbidden, no reguiérity of any kind
has been observeds The‘pérturbation is very sensitive to isoﬁopic sub-
stitution, so that aslde from the few bands that were analyzed, the 
spectrum of '”N0, could not be correlated with that of 1MN02. ‘The bands

that were analyzéd 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 small fraction of the total
absorption;' These analyzed lines all.terminateq in K, = O sub levels
~ of the upper electronic state for which there is no Remmer effect inter-.

action with levels of the ground state.ha’k6c

“From this qualitative
.considerdtion of the magnitude of.the perturbafion in'NOa, 1t appears
that the mechanlism ﬁhich has been outlined will{bé very important in
increasing the lifetime of the excited state. .

A conseqﬁenée of thg'above discussgsion is that lifetimés from level
to levél might vary significantly since the mégnitude of the coupling
to the ground state would_not bé expected to be constant, In:particular,
the unperturbed levels might be expected to ekhibit siénificanﬁly shorter
lifetimes in an expériment in which only such levels are exclted, In an
experimenf such as the present one such short lived states would-coﬁ—
tribute to the total fluorescent intensity only in proportion to #heir
absorption, and would not be detected in}the presence of a much greatéf'
signal from states having a long lifetime. If such.short lived states:
confributed significantly to the total signal intensity, their preéénce'
| would leéd to Stern~Volmer plots whose (positive) slope decreased with
pressurej no such beﬁavior wés observed, |

Related to the theory of intra-molecular lengthening qf lifetimes
ﬁhat has been outlined is an inter-molecular process that has been

2 ' ’
7 The dense manifold of states which

'propose& by Jortner and Berry.
are not optically connected to the ground state 1s collislonally populated -
at finlte pressures and the apparent lifetime of fluoreégence is conse-

quently lengthened, Jortner and Berry do not indicate the magnitudes

of collision cross-sections that might be expected for this type of
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process, However, such a mechanismlwould'imply that, at sufficiently
low pressures, the fluorescence lifetime would be shorte Similarly,

Robinsone5 (.

has proposed that measurements of benzene fluorescence
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
beems. waever, we 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 few;as 0.2 ges kinetic collisionsy if the "reso-
nant" lifetime were significantly shorter than 60 psec, the number of
collisions of the average'molecule would be comrespondingly reduced. ’

~ In no case, for either Ifl or Rfl 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 NOa

.In this secpion we wlsh to analyze the results of the pressure
dependent studles in terms of an energy transfer mechanism. The model
- chosen 18 a multi-step, constant energy per step, model as previously
proposed by Rabinovitch and coworkers (step~ladder model), the step
slze is not fixed, but is to be determined from the analysis, Accord-
ing to thls highly simplified model we may index the states of‘phe
molecule 1 ; o « « Ny where 1 is the index of the initially populated

state, The energy of state n is glven by

£ =& - (@1)E, ()
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where ¢f; (the efficieﬁcy)‘is the energy transferred per_effeétive

collision,

We now wilsh to relate this model to the expressibns whilch are
developed for high pressure'limits in Appendix B, Iﬁ Appendix B the
high pressure limitAfdr the ratio of in—phaée té out~of-phase components
of thé population is.shown'(under conditions of serieSapafallel population.

of state k) to approach the limit

e ) »
. 0 =90 - -1 a o =1 % .
E /Ek = © TR T M Ee Ky M (2)
. a/7g :
where \ , .
o ’ kl ‘
: ey Ry Ry N | -
(k_), = + 2k, Tt Sk = S g (3)
o'k "M T Ma kT T e Ky KL T |
and
" ™ e (12 1
(k /i ), = == + % k < + == >
e a’'k ,qu‘ y le ko \ Eqs qu
B k o
I :ki <k1'+kl tg=) ()
Ji aj gl ad ql gk S
+ 4 u e

In these ekpressions

kg 18 the absorption coefficient into state 1, and

_ kij 1s the energy transfer into state 1 from state J, a
gubset of
kqj’ the total rate constant for depopulation of state J.

The swmsatlons are taken over all intermedilate states populating the
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(observed)nState ks, Combining these éxpressions we may wrlte

k. [ k. X, kK N
LR ..k‘_‘i<1+ _EE>+2 K, gt <1+ qu+qu> teas

k). K K - KK )
/ey _ 3 18 kg, qi/ g1 98 Ky Koy 9j__“qi
‘ kK, k.
(g e/ E e km+2kialk:"i+z kjaf—a';'{‘l‘*
: 1 qi  J1 qj “qi o

» | .'(5)

If we now make the assumption that the quenching rate constants are equal

(kqi ='k

q.j = .-olc =. qu)’ then

Kk, +2 3k -k-*‘-i-+3z o

<ka/kq>k _ a 1 la kqi . 41 ja Akq;l kqi v 6. o
) /e . ok + sk Sa+ sk Fiy Fp o4 (6) .
a k/ q_k kka i — 'ja 3 o ‘e e ] »
1 -k Ji k., X, _
' : ql el Tad

The expression on the right hand side of (6) (whicéh has a lower limit of unit
may be interpreted as an average (n) of the number of states leadlng to
the observed state k, where the average 1s taken over paths populating

the state k., Hence for the observed high pressure quenching rate -

constant we have _ ' .
oo R (7)
gk , '
/<ka/kq>k (n) .

the apparent quenphing raté constant is decreased (n) fold from the
microscopic quenching rate constant, Or, for an observed state having

' * ' ' .
8 high pressure limiting slope qu and a microscoplc quenching rate con-

stant k . then the average number of states 1s glven by

gk ,
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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
obsgervation wavelength.

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 L
.pressure‘inyerse lifetime data may bevidentified with the index n of,theylr‘

step-ladder model, Hence we may write

1 1 ( A&ZA) ‘ ; |
= |1+ . o (9)
Kx % 8; ’ - . o

where the use of the symbol k implies that all removal of excited mole-v
cules takes place through the mechanism of energy transfer. In (9) we
have used A€ s which is defined as the energy difference_ between the 'ini-g--:-’ ‘
tial and.final stetes, :

rE= € - & . “ (10)

ﬁy,Hence in the assunptions of the model a graph of 1/k3#'vstEfshonld be
vlinear with intercept k -1 and slope O{ & )-l‘ 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 1s one additional con~-
sideration that must be.made, namely that the spectroscople observation

is nelther resolved nor assigned to statés of known energiles and that the

resonance spectrum'of all vibrational levels 1s quite broad, Conseqnently



~8li~

] _ S
there 1s not a direct relation between the fluoreséenée energy (cm*l)
and the_energy of the molecules., |
As an apéroach to tﬁis problem we may write down the average energy '
(Ek); of all molecules contributing to the fluofescence at the'obsérvation
energy Vi | | |

% B kfko‘kfi‘sk_

B Koo 05

@5k>; = '(ll)

M w

This avérage is ﬁaken over molecules that Fluoresce per unit time énd‘is
weighted by the relatlve contributions of the various levels to the

fluorescence at the obser&atidﬁ energy, If we now consider fluérescence
at a second observation energy, then ﬁezmayjrelate'the average molecular

energies to the average fluorescence energles by

Eg- Ggi=F-nu (12)
where . =\ .
(8,05 (8 )5, .
U= k~v ~k v. o N | (15)
‘ v - v , ' Co

is 8 measure of the error in the direct relation

A 8molecu:ll.es =A% fluorescence (l’+)

Thus if U'= 1, (14) 1s valid. The exact value of U 1s of course impossible
to evaluate in the present experiment, but it 18 possible, with rather
_plausible agsumptions, to estimate the magnitude of this quantity and

to set stringent 1imits on the estimated value.

The asgumption upon which we shall rely 1s that the resonance
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fluorescence spectra of the vﬁrious energy levela»partidipating in the

bfluorescence éré broad and flat throughout the region_of observation.

This assumption is Justified in a rough way by an examination of the zero
pressure fluoreécence intensity gpectra (Fig. 11), for eicitation at |
energies of 21000 to 25000 ;mhl. Under the assumption of a flat
fluoreséence spectrum.the ;alue of U may be computed for an assumed disf
tribution function of molecular populations, y. For observation at.energy .

V the average molecular energy 1s glven by

5 7 -
| (‘51:){7:/83’;(1;/-[6.“1‘7 - - (15)

and similarly for é§k>¢" Hence

- ,v o (16)

éﬁd U ney bé evaluatéd'either algebraicaily or graphlcally. waeVer, the
point.of the piegent analysis 1s only to show;that theAvalue of Uvapproaches
unity and is quite insensitive to the distribution Ve

For a simple model in which y 1s taken as proportional to some power,

p, of the difference between excitation energy and molecular energy,

y(v) « (ve- v)p, then the value obtained for U is

. 1 o _ .
v-E5 o (17)
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In Figs 12 are given distribution functions for p =0, 1/2, 1, 2, and k.

The values obtained for U are respectively 0.5, O. 6 0.67, 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 1ower'energy states, As this relaxatlon becomes more
and more complete, U approuches more closely the value of unity. With'
reference to the present experiment, we observe in Fig, 11 that there is a |
ghift in the spectral distribution of the intensity taking place at higher ‘
pressures, Thils shift corresponds to a pressure dependent relaxation
process whlch is taking place; from the fact that the intensity;becomes
greater at the lower fluoresoence energles we may infer that the reiuxa-
tlon preferentially populates the loner energy states, Thus, interpret-
ing the experimentai results in terms of ‘this simple model we may conelude
that p probably has the value of > 1, although 1t is not posgible to state
the value of p witn precision,

Also glven in Fig. 12 is an exponential distribution for an assumed
value of kT = 200 cm~l. This distribution corresponds to total relaxation
to the translationai temperature, neglecting the effects of degeneraey‘on_
the density of states. For such an exponentlal distribution, given by

aV

y < e, the average energy G:k); = (Vv + 1/a) for'obse&vations,such'that:,

Ue -V > l/a. Hence, in this limit

.

S‘??

<E )"' - <€k)~ = ; -y | ' : .

that 15, U =1, and Eqq (14) is valid. Examination ofvthe high pressure

limits of the fluorescence spectra indicates that thls limit is not reached

the speetral distributions are not so steep as requlred by this model,
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Fig. 12 Model distribution functions for excited state populations. Popula-
tlon (¥) is plotted as a function of energy. A-Ety« (v - V)P where p = = 0,
1/2, 1, 2, and b. F: y « exp(-v/200 cm- -1 . _
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However, as indicated earller, the value of U 1s quite insensit ive to the:

choice of model, and to the steepness of the distribution function.v Con-

sequently, we feel that 1t is reasonable to accept Eq. (14) as valld

(U = 1), but to admit to a possible lower 1imit of 0.7 to the value of U.
With the foregoing assumptions we congider Fig. 13 which shows graphs

of l/kzk vs (& ) for the three excitation energies.

excite ~ Efluorescence
In 511 three cases the data appear to be satisfactorily fitted by a-
straight line as predicted by Eqe (9)s The enefg& transfer rate constants
and efficiencies computed from the leest squafes 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 eenstants (col. 2) and
efficiencies (cols L) computed from the intercepts ef Fig. 13 are quite
close to each other and to the gas kinetic collision rate constants. For.
excitetion at{hOOOAuﬁhe rate constant 1s signifieantly larger than gas
-kinetic and the apparent efficiency is correspondingly redﬁced. We are
somewhat hesitant to extrapolate the 4000 A data to £>€¥=O, end the ratev
constant obtained in this way shows a rather large error. However, a
Qualitative interpretation of a larger total quenching rate constant for
excltatlon near the dilssoclation limit mighf Be given through thevmechanism
of dissoclative quenchiné. For molecules that have euffered one nonw |
dissociative, energy-transferring collislon the effective energy trensfer
~cross section would not be expected to be anomalously lerge; when¢§o is
computed using the gas kinetic cross section a value 1s obtained which

is closei to the values obtained in the same way for excitation at the

two lower energies (cols 5), For this reason we are inclined to conclude

that the magnitude of kt is approximately gas kinetlec in all three cases,
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Fig. 13. Energy transfer in excited NOp. The inverses of the high.
pressure limiting values of the slopes of Stern-Velmer lifetime
graphs are plotted as a function of the energy diftference between
excitation and observation., Linear least squares fits to the data
are also given. Arrow on ordinate indicates the inverse of the
gas kinetlc rate constant. '

Open squares, A: Excitation at 4000 A or 25000 cm™l.
Closed circles, B: Excitation at 4300 A or 23260 em-1,
Closed squares, Ci Excitation at 4800 A or 20830 cm-l,




Table IX. Energy transfer rate cor;stantis » probabilities pervgas . '
kinetic collision, and efficiencles, as computed
from high pressure datsa

: : ) (c)
Excitation k (A& =0) ' (a) gc cfc
wavelength ‘ /molec sec i P 4 1 _ 1

A . em © cm

4000 (6.5 % 2.7(d).)x10'l° 2.9 £ 1,2 740 %340 2120 85

1300 (2,02 * 0.57) x1071° 0.89 * .22 2550 * 900 2270 * 260

4800 (2.08 % 0,33) ><10~l 0.91 * ,1k 2400+ 600 - 2150 + 190 . -
a8

Probabilities are com uted from rate constant for gas kinetic :
' collisiogs, 2,28x10~11 cm /molec sec, derived from collision diameter
3.73X10"Ccm (Ref. 86). .

Computed from k, (Ag=0) ('column 2)
Computed per gas kinetic collision

Errors represent two standard deviations.
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and that the energy transfer per collisibn‘is approximafely 2300.cm-;a" 

At fhis.point we wish to review the assumptions that have gone into
the estimation of the effleciency per collision, ‘

1) In the derivation of the expression for kgk_(Appendix B) we
~ specifically negleefed the possibility of "back-up" transitions. The
occurrence of such transitions to any large degree woﬁld‘have the effect
of reducing the apparent‘kgk at small A&, l.e., Increasing the slope 1in
Fig. 13, and decreasing the apparent efficiencys In view of the directio%
of thls error and the magnitude oflthe enérgy per step c._mpared to tﬁ;rmalv
energy kT, the neglect of "back-up”" transitions seems Justified, |

2) In the interpretation of qu/k;k as g'megsure of (n) the number
~of states leadlng to state k, we specifically assumed that all microscopic
\quenching‘coﬁstants were ldentical. Any major_£reﬁd in the relatlve |

magnitude of k . as é function of energy will distort this interpretation.

ak
However, as noted above,‘the results‘at 1300 andv4800 A seem to lndicate
an apprpximate constancy of qu~ |

3) We have assumed & step-ladder model for energy transfer; as .
shown by Rabinoviﬁch et al.,lo the aésumption of more realistic gtatisf'
tlcal models of energy transfer may change the interpretatiﬁn_of effi-
.elencles in chemical activation studies.by‘a factor of approxlimately two.
The corresponding analysls for_fluoiescence kinetles has not‘been carried
out, " |

L) The assumption was made that Ag The

) =Af
lecules fluorescence’

experimental data are a measure of AE

fluorescence’ 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 appafeﬁt energy transfer efficiency,
Such a phenomenon might be_expected if the originally éopulated stétes :
were qualitatively different from fhe energy trénsfer states(as in fﬁe'
case of collision induced internal conversion). However, for the reasons
" given in Seec. B, this possibility is considered_unlikely; Further, the
slope ofrl/k:k is constant over a range that corresponds to A(n) as nigh
as U (excitation at 4000 A). This linéarity would require aﬁ interpre-
tation in which suceessively populated states had additionaiAamounts of
intra-molecular red shifting. As-g'part of thils aésumption the population
distributions were assumed to be strongly weighted toward the lower ener-
gles,  If this effect were not so great as assumed, the true values of

the efficlency might be as much as 30% less than”those'we.havé'calchiatedd
The ultimate resolution of this question will have to awalt experiments

in which the spéctroséopy 1s resolved and analyzed.

No attempt was made tolinterpret the energy transférvdata in terms
of specific quantum transitions in the upper statg, since knowledge of
thevspectroscopic constants is notvsufficieﬁtly fefined to_allOW‘this.

The mégnitudes of the vibrational quanta of the upper state are not

known, with the exception of v Douglas and Hu.beru2 have assigned

2.
880 cm“l to this frequency if the upper state is bent in the equilibrium

conformation; if the uppér state 1s linear this frequency correspondé'to

2\/2. '

The origin of the electronic transition has been placed between -

the limits 11500~15500 cm

from the magnitude of the isotope shift of
the absorption spectrum.he- If we take these limits and we assume that

the vibrational and electronic energies are separable, then the vibrational
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energies are 9500 to 13500 em ~1 for excitation at hOOO A, and 5300 to
9300 cm"l for excitation at 4800 A3 the Vibrational energy transferred per
collision is thus a very significant fiection of the total‘vibrationalb
energys However, In view of the mixing of electronio states which resﬁlts
from thejvibrationel'motion, it may be more-appropriate to considerithe
effective vibrational energy to be considerably greater than these esti-
mates, epproaching the total excitation aboﬁeithe'lowest vibrational level
of the ground state (21000 to 25000 gm'l).. With this interpretation the.
energy transferred per{collision'would be‘the order of ten percent of the
total vibrational energy of the molecule, |

D, Comparison with Other Studles of Inter-Molecular Energy Trahsfer-

The present data on energy transfer fit ineo a .developing picture
thaet energy rich moiecules are collisionally deactivated by heat bath
molecules with large cross~sectlions and/or-highvefficiencies (energy per
collision) as compared to the low effective cross~sections in diatomic aﬁdi
small polyatomlec molecules in low vibrationai levels of the ground

7,8,11,15 These results are consistent with the strong collision

' etate
assumptions of theories of unimoleculer reactions,75 but are in contra=-
diction to the predictions of M'zanhzatn,'_{)+ based on an extrapolation of energy‘
transfer theories developed for low energy vibrational transitions, that
vsuch cross-sections and energles should be quite small (deactivation
probabllities the order of 0,1 and energies per collision the ordex of
lO'cm'l). In thls discusslon we shall conslder the results of energy
transfer studles on highly exclted molecoles and review brlefly the methods

used 1n these investigations, Of most signlficance here are fluorescence

studles and chemical activation studiles,



- of the present work, In a de study of 302 fluorescence Mbtteé

-4

' There are no other direct measurements of vibrational enefgy transfer

in highly excited_trinatbmic molecules with which to compare the results

69

has ob=-

1

able for the quantlitative evaluation of energy transfef rate constants;

served vibrational reléxation in the X lB state but deta were not avall=i

the relexation appeared to take place with high probability simlilarly to

£he present observations on NOE.

A prototype fluorescence study of energy transfer in a dlatomiec

molecule is that of Steinfeld and Klempererluaon I, excited to the v' 25

level of the B3HOu+ state, This sﬁudy was not time resolved; time normali-

™

zation was obtained from independent‘lifetime measurementse Because

the observation was spectrallyvresolved 1t was possible to obtain relative
rate constants into specific transfer states for both rotational énd -
vibrational energy transfer. The probabilities obtainéd for single quani:um
vibrational energy transfer‘with various collision partners (0.l tov0.6

per collision)'weie.much greater than probabilities for such energy trans~
fer in low‘levels of ground state Ié.76 ,Probabilities per collision for
two quantum transitions were also relatively large, approximately one-
fifth as great as for single quantum transitions,

Existing theories of energy transfer were fbund'td be i1nadequate when-v
abplied to the calculation of the vibrational-translational energy tiansfer‘
prqbabiiiiies for collislons of the highly excited‘Ié molecules with |
rare gas molecules.lhb Since tﬁe collision probabilities were large,
simple‘peiturbation theory broke down and led to over-estimation and non-
congervation of these probabllities. On the other hand, quantum mechanical

calculations, based on the method of Schwartz, Slawsky, and Herzfeld,7
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R tended to ﬁndgrestimate the,collisionéi prbbabilitiea, and also failed
to repioduce the obseived depéndence on the reduced mass of the colliéion
pair;

| With respect to polyatomlc molecules, & vefy important series of .
inVestigations in the experimental verification of highly efflcient

7

collisional energy transfer was that of Neporent'' and of Boudart and

Dubois78

_on the fluorescence stabllizaetion of B-napthyiamine. These
studles were also not time resolved; the first order, ﬁressure Independent
lifetlme upon which the calculations of efficiencles were based was the
rate constant for internal conversion to a non-fluorescent state. It was
posslble to obtain relative valueé for thls rate constant, which is a
strbng function of the vibrétional energy of the molecule, from the
temperature depen&ence of the p&ramagnetic‘quenching of the fluorescence .

2
was fixed by the assumption of unit efficiehcy for gas kinetic collisions .

by O,.  The absolute magnitude of the internal conversion rate constant

in the oxygen gquenching.
| Energy transfer detérminations were mede for several‘M gas ldentitles.

. The relative amoﬁnts of ene}gy transfer~per geas kinetic.collision were
determined experimenﬁally from the slope of a Stern~Volmer iike_plot.

This slope was & function of the energy'transfer since the internal
conversion rate constant was a strong fﬁnction of'the vibrational energy.
From the hnalysis of Neporent's and their own data, Boudért and Dubois
found values for energy transfer per collision ranging from 70 em™* (Hé,
He) t0'1690 em™t (n~C5Hih) for vibrational energy of the excited molecule
.eqﬁal to 10200 cm"l.. The energy trahsfer pef collision increased as the

energy of vibration increased but decreased as the temperature was increased.
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The results of these and other large-molecule studies have been reviewed:

by Stevens.l7

79,80

"Schlag and ‘coworkers have recently giﬁen prelimihary repdrﬁs

of direct measureménfs by the phase-shift technique of energyntransfer
studies from B~napthylamine fluorescence with propéne and propene as
collision partners. The total cross sections for removal of yibrafional
energy were 0,0k to 0,13 times gas kinetic. The amount of energy transfer
per.collision was not reported.

Stock.burger81 has obtained results on energy transfer in naphthalehe
that are éualitatively_different from fhose of Boudart and Dubois,
Naphthalené was excited to-a high vibrational level (~ 8000 cm’l) in an
excited electronic state which exhibited cpllisionallylinduced vibréﬁional
deactiﬁation but apparentiy did not suffe£ electronic quehching. Ffom the
degree of population iﬁ the ground vibrational level as a functlon of M

‘gas préssure it was possible to calculate the energy transfer efflciency
per ges kinetic collision using lifetime values for:fluorescence dgtermined

independently, The values obtained ranged from 6 em™t (He) to 220 em™t

(n'C6HiH)'

Wé now considef the results of some chemical activation studies,.
Rabinovitch and-coworkerslo have studled several such systems ﬁo obtain
data on energy transfer from the pressure dependenée_of the relativel
rates of éompeting chemicél reactioné. Typically the first order raﬁe:
constant to which the rates of colliéional processes are compared is
the decomposition of the activated species. The efficlency of colligions
in deactivating this épecies so that the first order process does notb

occur 1is obtained by a Stern—Volmér like analysis of the relative yields
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of the two reactions.

A prototype study is that of sec~butyl-d radical excited by the

1l
addition of D.atom to cis-butene-2.82 The first order.dedomposition iaté
wes estimated by the.method of direct counting of the densify of vibrational
levels.83 The data were analyzed in a manner that is equivaient to |
examination of Stern-Volmer data for curvature. 'The analysis allows an
eétimatibn 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 keal (2800-4200 cm—l) in a single
collision, In other studies based upon an analysis of the curvature in "
"quenching" graphs it was possibie to set 1limits on the energy transfer

per collision ﬁi}(efficiencies) and upoﬁ the cross sections of the colli-r
sion (probabilities), The exact values of (ﬁ; were dependent on the model

_ uséd for the analysis, bu£ model-to-model the differences were within.a
factor of two, For sec-butyl radicals (E = 14000 cm;l) rare gases and
diatoﬁic molecules exhibited é;: from 900 to 1200 cm”l; polyatomic
molecules were capable of removing at least 3000 cm—l per colliéion.

Similar studies-with exéited cyclopropane (E =v35000 cmul) showed 3%2

. values ranging from 2000 (He, Ne, Ar) to 4000 em™> (CQHM).Bh "In general'

in these studies the data indicated a cross-sectlon of the order of

gas kinetic, but occasionallyva lower value was indicated.,
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E., Conslderations Concerning the Dépeﬁdénce.Of Energy Transfer
Rates on the Identity of the Collision Partner

In the vgrious studies of energy transfer from>polyatomic.molecules
the results have tended to show that the efficiency'<gc (energy transfér
per collision) where measured, or the product of efficiency times the
probability of deactivation per collision increases with increasing
complexity of collision partﬁer M, (See preceding section,) If M is
monatomlic then only vibration — translation processes may take place. If

"M is diatomic 6r polyatomlc then vibration —>rotatioh and vibratién -
vibration processes.may also take place, and the existence of these other
possible modes of energy transfe} may account for the increased efficien~
cies of polyatomic collision partners, |

In their study of quenching ovaO2 fluorescence Myers, Silver,and
Kaufmanl9 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 plcture of the energy transfer prqéesﬂes in excited
N‘O2 these studles are being extended to additional collisioﬁ partners in
order to obtain relative and absolute efflciencies for other M gas lden~-
titles,

The question also afises whether N02 plays a special role as an energy
transfer partner with excited N02 becauge of the ldentity of the speéies,>-
and the ppssible resonant phenomena that may be assoclated with N’OE--NO2

collisions énd also because of the existence of a stable dimer.

An answer to thls question may be obtained from the data of MSK

(Teble X) on the relative (per collision) quenching efficiencies of M gas

partners, Since the ldentity of the quantum states observed will be a



Table X. Relative quenching cross sections as
) function of collision partner

Quenehing gas k /k - : P, relative

M torr’l to No, = 1.

CEe o 29 - 0.17
Ar | .30 0433
N B e
0 :'v‘i: 48 ’,, . ’: - 0.5k
e R -1}
o 82 083
! Cth . e S 8 "'ﬁ_, ’-~ o :L' 0.67
RO e

o, . . . 100 (1400)
- L L3
| 8, o C1%5 L ke
CF)# : . . | ) 160 : . -' .' 1463

"f'Héo S 280 2,00 .

Data are from Myers, Silver,éﬁd Kaﬁfman (Ref. 19); Valﬁekvof‘.
Kf/kq.are éxperimental.Values'of quenching raﬁiQ. .Valueé of P‘hévé beeﬁ
computed per éollision, relative'to N02‘= 1. Exciltation wavelength was
4358 A, | |
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function of the gpectral senéitivity of the,detectof, and since the
apparent de quenching ratio will be a fﬁnction'of the statés observed,
the values given in Table X can only be taken és hgviné (at best) relati?e
significance. However, it méy still be inferred that NO, as'a collision
partner does not play a role which is sighificantly different from that
of collislon partnérs of comparable_compiexityi |

~In the eiperimenﬁs conducted with spectral resolution of the
fluorescence MSK used Ar as well as_N’O2 as a8 collision partner. While

the magnitudes of the quehchiﬁg ratlos varied by a factor of three, the

. quenching ratios of Ar remained constant relative to those of NOQ.

As én additional examinstion qf a posslble special role of NQE aé
a collision partner, a calculation was made of the probability_of cdmplex
formation in binary collisions of ground state N’O2 molecules, This cal~
culation was made using data on the unimqlecular decomposition of Néou.

This reaction may be considered in terms of the elementary processes:

. 4 *
Négh + M 2f;>' Néou + M

0¥ 25 m. + M0
N2h<_a—'2 > o

* : ‘ '
where Néoh denotes an excited complex wilth energy sufficlent for disso-
clation, The observed raté for decomposition is given (at the high

pressure 1imit) by

- , db N
Rate = Kqooomp (Naou) = = (N20,+) .

The equilibrium constant X for this reaction is given by

2

ac
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Consequently, &, the rate constant for domplé* formation may be obtained -
by

L ]

;g’s kdecomp/K
The data of Garrihgton and Davidson8§ for the dlssoclation constant and

Verhoek -and Danielsh9 for the equilibrium constent were used; the value

3

for g_which-was obtained was 8.6x1o'1 cm:/molec sece Since the observed

energy transfer rate constants were of the order of gas kinetic (2.3x10'lo);
1t was concluded that Néoh complex formatio@ did not play a speclal role

in the energy transfer process.

'F... Fluorescence Near the;Dissbciatidh?Ltmitpand-the

L Mechanism of Dissociation

l-It was observed that the fluorescence lifétime remained relétively_ :
constant (% 25%) as the ékcitation was swept through the dissociéfion‘
threshold (= 3980 A) whereas the apparent quantum yield for fluorescence,
®f, decreased by a factor ofvapproximately 4000, From this we may agsert
that there are two sets of excited moleculgs presenti one set fluorescesv
and does not dissociéte; the othéf dissociates and doeé not fluoresce.i

This assertion may be proved by assuming the contrary mechanism and . show-

ing that this leads to a contradiction with the observations:.

' Ioka
.G > B
BE <f‘ > G!
kM
E—3— ¢
: k
E d

>  dlssociation products
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The rate constent for dlssociation kd 1s zero below an energy threshold

" and nonh~zero above this threshold, From this mechanism we may‘write

S
T = (kf+kd+qu)

-

o, = kf/(kf + I, + qu)
We now define the quantities Y and y, a8 the retlos in quantum ylelds
and lifetimes, respectively, for excitatlon at energles greater than and

less than the dissqciation threshold ¢

Yp = Pp: &bOVe threshold/®p below threshold
y, = T above threshold/r below threshold

Tt was ébserved experimentaily that Ve << 1; consequently kd < (kf + qu).
The assumed mechanism requlres that Vo = Yoo Thgrefbre this mechanism
must be rejected. Further, if there 1s a significant proportion of the
fluorescence coming from molecules ﬁhieh are capable of both fluorescence
and dissociation, the overall observed lifetime will be correspondingly
reduced., Therefore the greatest part of thé obgerved fluorescence for
excitation energies in the threéhold region must be from mdlecules which .
cannot dissoclate, The remaining excited molécules must'dissociate‘at a
rate much-greater than the fluorescence rate, Thus the assertion of two
gets of excited moiecules is proved.

We now wish to conglder the nature of these two different sets of
states, Certainly, if there are two different electronié states involved

48 proposed by Pltts, et al.,87 the kinetic mechanism will be supported.

However, this mechanism requlres that the absorption coefficlent for the
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lower, non-dissociative state vanlsh rather sharply and the: dissociative
gtate begin at the threshold at the same value to continue the smooth
| total absorption ecurve (Fig. 1). Alternately, we may explain the observed
behavior by assuming that the two sets of states arevwithin the same |
electronic state.' Those states which are capable of dissociating do‘so
ina tinm g0 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-.i‘
cause they lack sufficlent energy). The fluorescencevobserved with excinb
tation at 3950 A is ail due to molecules of energy less than required for
dissociation, exclted byvlignt in the low energy "tail" of the excitation
band passg | | o | »

i With this interpretation we may consider the results of Table»V asj

a measure of the dissociation threshold of NO,. - This may be set at 3980 A

2*
" 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 moiecules.

"f This is in good agreement nith determinations of this dissociation 1imit |
1'by other means, Table XI. : o \ i | g

This aspect of‘the present work was not undertaken as.an attempt

to obtain a better value fbr this aisSOciation iimit:but to confirm the , E i

" mechanism of dissociation, namely that molecules that are capable of |

dissociating do not fluoresce.  This result is strongly indicated by the

results‘of the predissociation study of Douglas and Huber,he who found

no unbroadened lines (in absorption) at higher ‘energles than 25125 en™t, .

A rate constant for dlssoclation may'be estimated from the width of the

broadened absorption line by uncertainty considerations. Douglas and Huber
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Table XI., Dissociation of N0, to 0 (3P)

.. and NO (211)
Energy cm":L Methbd Reference.
2510510 ~ ‘I‘hermodynamicsv:
NO, = NO + 1/2 0,
NO, 02 dlssociatlon
25112420 Break~off In magnetic rbtation e
spectrum :
2512547 . Predigdociation in ebsorptiont a
last unbroadened line
25157@0 8 Break off in NO + O luminescence . e '
gspectrum :
25146+70 © Quantum yleld for dissocietion, ..~ f
~ LOo4TA photolysis S
25160+500 ' Break off in luminescence from " g,h'v' .‘
v shock heated 1\TO2 :
25125+120 Break off in :f‘luorescence qua.ntum preseht work
yield oo '
8. Ref. Ol ’
be Ref. 90
Ca REfq 92
d- Ref; )',2 ’
e. Ref. 29; see also Ref, 93, p« 60
f. Ref. 87
g. Ref. 93
he Ref., 94
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do not 'stgte the width of observed predissociated absorption lines,
However, a lower limit to this'width may be set by the Doppler wildth of
a line, |
= 2-.8)(10-2 cm-l

. Av 2 AvDoppler

Fror}x the ’repz‘oducﬁion of thelr absorption spectrum at 5910 _A' an upper limit
to this wldth may be sets |

AV S 1.0 cm";L

Hence, from the uncertainty relation,

kg =1/t~ Av ‘=, cA17{ ‘
We may set limits on the value of the rate cor_istant 'forrdiséqciat‘ion;kdvx

810° sec™ <k, <3x10™0 gect

ool wadth - Doppler width < l/'r < Uﬁcertainty width

These limits may be compared with th‘e, value for kd estimated by the tech-

nique of Marcus and R_ice.sj ‘From lack of knowledge of the frequenciles of

thé excited state of N02 this. calculation was based on the ground state

frequencies of the molecule ,88 and assumed a bent configuration (s = 3)."

' For an‘assumed electronic energy of the exclted state of ‘13500 cm‘"l '

(see Secs C) and for molecular excitation 200 -ciil;'l'_grea.‘tvr than the cAliss’o-‘.x.
ciatiqn’ éhe:c_‘gy, the value computed was kd = 5><Zl.0:Lc> sec-l,. whichvis in -
close agreement wifh the limits estimated above.

In 'concldsibn; ‘the sew)eral estimates of kd have glven _valﬁes ﬁhich
aere filve to vseven 6rders of magnitude greater than the measured bi“l-uoreséencé

 rate constant, 1. 6xlO1+ sec-l. Virtually every molecule which is energetically
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cépﬁble 6f dissoclation will-dissociaté and consequentlvaiii not con-
tributelto\the observed fluorescence intensity or‘lifétime; the fluofes;
éence Quantum efflclency wlll have the approximate limits (0.5-20)x10-6. ‘
This interpretation'is in aéfeement with‘the intefpretatiqn of N02 photolyy »
s8is which has been given by Ford-and Jaffe89>thét dissoclation takes place
with uni£ quantum efficlency at energles gréater fhan the dissociation
enérgy; |

The dlscussion thus far has not accounfed for the intra~molecular
mechanism whereby the éxcited molecule‘dissociates;Athe fact that the

electronic absbrption to the 2B state extends far beyond the dissociafion .

1
limit has given additional support to_interprétations'of the N02 photolysis
and fluorescence kiﬁefics as reéuiring an additional electronic state.
Figure 14 shows a.'set of pseudo-diatomic molecule potentlal energy curves
that may be taken as represeﬁtativevof curves used in these intérpfeta; -

29,87 State X 1s responsible for the electronic absorption; itvié

tions.
.drawn a8 extending well above the dissoq?étion limit to account for abf .‘v
sorption gt these energles. ‘ﬁ is requiréd.to account fbr prgdissociation; ’
and its presence is used to expla1n the anomalously long flﬁérescence o
' lifetimé by an internal conversion ﬁéchaﬁism-

A diagram such as this 1s misleading, however,'because it exeludes
the possibility of an alternate mechanism for prediséociatioh,.ﬁamély.

Lég

prédissociation by vibrations This.mechanism is not aVailable‘in
 diatomic molecules, which have only one mode of vibration, This mechanism
is of particular Importance in the dissoclation of symmetric molecules.

Because of the 02 symmetry the Franck-Condon factors in absorption will

be concentrated almost exclusively in the symmetric vibrations (vl and
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Fig. 1k, One-dimensional potential energy curves for NOp as
a pseudo-diatomic molecule. A is the lowest excited elec-
tronic state and is strongly connected to the ground gtate
by an optical transition., B 1s weakly connected to A by
a perturbation. o ‘ . .
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2); i.e,, abgorption in v, is Franck~Condon forbidden.' The symmetric

3

stretch, which leads to the dissociation products 0+ N+ O, extends to

a disscciation limit (77500 cm l)9 which is much higher than that for

dissociation into O + NO, and thus can account for vibrational structure

| in theiabsorption spectrum heyond the-loﬁer value.f The dissociatiohvinto‘
0 + ﬁO must take place by asymmetricvvibratiohs which can be populated

. only by mixing of the normal modes fbllcwing the excitation. This mechanism

allows for prediesociation without requiring the presence of an additional

electronic state.

Ge Relatlon of Fluorescence and Chemiluminescepce Studles

The two chemiluminescent reactions -
'_No+o(31>)—>1v02+hv'
and

NO + Oy = WOy + 0y +hv

have pfeviously been Interpreted as ihvclvihg the same excited electronic
state of NO, &s that populated optically snd observed in fluoiescence.22?32’
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 infcrmation!
obtained from the various studies can be applied to the other stsdies{
Particulsrly, fluorescence studies becasse of time snd energy resolutioh,_
are capeble of direct measurement of radlative and energy transfer (quench-
‘ing) rate constants. However, the complete spectral distributlon of the

fluorescence has not yet been measured in a fluorescence system, whereas

these distributions afe available from both chemiluminescent systems,



=100~
,The'reactionibfunitric oxide and oxygen_atdm»(the air afterglow)
>'~vhas been interpreted‘in terms .of two distinet types pf‘mechanisms:
I, Stabilizetion by Radiation

. ‘ kaA * :

NO + O —> NO, o ‘ .

k

w* —% wo, 4w e

I, =(ka/kd)kf (NO)(O) '

o II; Collisionally stabilized exclted state; the simplest mechanism

,vof this type that may'be written 181

RO+ 0+ M —= 0.
M40+ M Z> N, + M

-;_'
M I w0, +wy

2

X
* .
N0, + M —3—>NO, + M

Ky kf(Noxo)‘-(M)

Ip Tk +k_ (M) + Kq(M) :

hig

For: pressures greater than 1 torr the chemiluminescent intensity has

- been found to obey the relation31’95’96

FI =k (NO)(O) .
3436

This has led to the proposal of mechanism I, HbWever,.thiSvmechanism

has been disputed because:

: 1) The value of k has shown somewhat of a dependence on the

identity of NL95’96

‘ _2)"The spectrumiof the chemlluminescence has a sharp"cut off at the



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 aceount for these observations, since at !

M >> kL),

high pressures (qu +k

Kk (10)(0)

k-l +‘kq
This expression has the reQuired dependence on the total pressure M, and
since_reactions'(l) and (q) are not detailed balance inverses, k* might
be expected tb have‘a dependence on the.idenfity of M,

Mechanism II does nredict, however, a dependence on theltotal pressure
M at pressures legs than 100 m torr; such & dependence has recently been
reported.32’55 The dependence nay, by analogy to Stern-Volmer kinetics,
- be expressed as a quenching ratio (k + Xk l)/kf. The values reported are
in good agreement with the fluorescence guenching data. 9 ‘We should
like to stress that as the Stern-~Volmer mechanism is inadequate for the
vinterpretation of fluorescence data at low pressures because of energy'
transfer process in the excited state; mechanism IT should similarly be .
inadequate fcr the interpretation of the air afterglow at low pressures.,"
' Quenching plots -~ If/(NO)(O)(M) v8a (M) ~= shculd not be linear and
should have high pressure slope to intercept ratios which are a. function
of the obsgervation wavelength. The dependence of the quenching ratio upon
the observatlon wavelength'has been observed, with lower quenching ratios
- at higher observation energies.aa’33 Mechanism II may be tested for

. *
conslstency by estimation of k., from the known value of k 5L and the

1

quenching ratio kq/kf.19 From these quantities kl is computed to be

.6><10-52»cm6/molecule2 gec, which 1is in good agreement wlth the values



-1l1ll~

reported by Kaufman96 for the overall rate constant (at high pressures)
for the reaction NO + 0 + M- I\IO2 + M. Such & comparison is necessarily o
artificial since k /k 18 a function of observation wavelength, but |
suggests that a major proportion of NOé formed by (l) is capable of
'fluorescence at sufficlently low pressure,

In Flg, 15 are given the low resolution fluorescence spectra obtained
in the present experiment (high pressure limit spectra) and on the same _

31 all normalized to the same

scale the spectrum of the ailr afterglow,
fintensity at 7000 A« While the three fluorescence distributions are '
' generally close to the air afterglOW'distribution, that obtained for '
excitation at hBOO_A most closely approximates this distribution. We wish

to speculate semi-quantitatively about the possible reason for this. ‘If'

we conslder the air afterglow spectrum ag due principally to molecules at _:’“

energies of h}OO A or 23300 cm -1 rather than from molecules at AH = 25100‘
em l, then this energy difference of approximately 2000 cm -1 is equal to
the*energy transfer efficiency of one collision. That is, the three body'

reactionr(l)'may be thought of as two'sequential two body processes

k
kd
k %
s . .
M, + M —> N0, + M

2
where the, stabilization reaction (s) is quite analogous to_the energy .
transfer process of the stabilized specles at slightly lower energles,

By virtue of this similarity & similar dependence on the ildentity of M

. | . "
might be expected, Thls would account for the slight dependence of k
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 Fig. 15. Fluorescence and chemiluminescence spectra. At NO + Oz3 .
total pressure, 5-60 mtorr ~ data of Ref. 21. Br NO + O; total
pressure O0.1-~5 torr; data of Ref, 31, C, D, E: NOp fluorescence
spectra for excitation at 4800, 4300 and 4000 A respectively; high

pressure limit spectra (P> 50mtorr); present work. The fluorescence
spectra are normalized to the NO + O spectrum at 14270 em-1,



on M identity, despite the widespread differences in quenching efficiencies

in fluorescence experiments, Thus CO and Ar were eqnally efficient ag M
" %

gases in the alr afterglow reaction, whereas CO2 18 345 times as efficient

as Ar in fluorescence q'uenching.l9 From this mechanism we may write the .
complex rate constant kl in terms of the‘elementary rate constants;

k k
a s

s}

If we assume values of 1x107° ror k, (Ref. 2b) and kg (M = Ar;‘kmo, from

present experiment‘and kAr/kNO = 0433, Ref, 19) and the vaiue.5xloio sec~l
at e i /o, T 02 ‘
for k4 (see Sec.fF), then we obtein k) = 20x10 32, which is in good agree-

'ment with the experimental value considering the very approximate velues

of rate constants assumed.
We turn now to the nitric oxide -~ OZONne reaction. Clough and iy

Thrush21 ealmwe interpreted this . 1uminescence in terms of the mechanism‘

5

NQ + 0 >-N02 + Oé

3

k .
*
N0, +M——>> N0, + M
x  Xp e
N02 , ——> ‘N02 + hy

“which is.analogons to II abo#e and to the Stern-Volmer mechanism'of."
‘fluorescencea‘ The emission spectrum of this.system,iwhich has been |
'reported not to change with pressure in the range 5 to 60 m torr; is
given'in Fig.'l5. The ratio of.the velues of (33) for the two systems
'(~ 8) is much greater than would be predicted from the relative ‘enthalpy

values of the two reactionst (25100/16700)5 ~ Bo43 this_factor is even
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vlower (=~ 2.6) if We‘take the enefgy of NOQ* aé equal to the enthelpy plus£he'
activation energy for the luminescence (18158 cm-l).ag o .
| Although-épectra for fluorgséence.excitéd at energles in this iegion
(5500—6000 A) were not obtained, fluorescent lifetimes were obtained
" which exhibit'}gég than the expectéd dépendence on éxcitation energy,
Consequently we infer that most of tﬁelNOé* férmed ip the'bimbleculaf

atom transfer reaction (b) has energy substantially lower than the enthalpy
of the reaction, in distinction to the air-afterglow reactlion, in which |
N02
the oxygen moleéule may'bevformed ﬁith_significant amouhts of vibratlonal

* ,
has energy ‘cloge to the enthalpy of reaction. TIn the ozone reaction

energy, which wpuld 1éave the NOQ* with réduced energys, The hilgh energy
luminescence, which eXtehds'to 17600 cm"l would have to be interpfeted-as
coming from thebtail,qf the distribufion functiop of Nog-energies. Howw 3
ever, the exlstence of a distribution of energles of_NbE* would reguire }
that the apparent guenching be different ét diffgrent observation wave- |
lengths, inicontradiction to‘the obsérvations of.Clough and Thrush.a2

.The resolution of these questions will have td awalt further experimeﬁta-
tion on the»NO2 fluorescence excited'at the lower energies corresponding

to the enthalpy of the ozone reaction.
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Appendix At Transfer Functioﬁsf_‘>’

In this appondix we shall develop some expreésiooé for tranéferl
funotions.botﬁeen a8 modulated excitation soorce'and'excited states popu-
lated by'the gource and some generél’rules for the propagation of tiahs- 
.'fer functions. In all.oaéesAthe discussion will be limited to linear
~ systems. Thus we sholl.rule out any reactions between two excited specieé
and also shall restrict our experiment to,moderaﬁe light iﬁteﬁsities at
| which.thé éround state 1s not significantly depleted. Such nonlinearities
introduce oomponents of the population at‘harmonics of the modulation

frequency as well as & nonlinear dependence of the concentration on the

\

intensity of the modulation gource. The solution of this problem has
56 |

been discussed by McGraw and Johnston. A genefaloexpression for exoited

state populations in linear kineties, developed 1n a somewhat different

97

context, has_beeh given by Gordon.
The simpleét mechanism is that of a single exclted state decaying
with a single lifetime, which was discussed in the text. The,elemenfary

' reactlons in this mechanism orex.
kaIé
)

> E :exciﬁation

B X

> @'  de-excitation
The diffe;ential equation governing the system 1s:

B =kIG-kE - Q)
~ a~0 ~ _ .

. \' ) : ) R K . N . .
where I = I, + I (ehuﬁ) 1s the incident intensity, including the dec

‘term, Since the differential equation (1) is linear,.and we are concerned
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only with the modulated concentration of E, we may drop the dec term and

write I = IOVeLMt. The solution of (1) at times long compared to Kt
give598
E = IokaG 1 it ;okaG PR | (2)
~ kg4 de T Tk 1+
k k

consequently the transfer function, which is defined as the ratlo of the

population at frequency ® E (w) to that at zero frequency E(O), is

1

F o= e
(1 + io/k)

Whén ® =0, F =1, and the solution to (1) reduces to the stéady state

1 with respect to Io is

gsolution as required, = The Phase of the state E
required to be in the first qdadrant.

We now consider two state series kinetics,

o Ko -
6 —2> E
k
1
El } E2
AT

From (2) we may immediately write

I Gk
E = o) a 1
1 ki 1+ 29
kl

t

E2 1s governed by the equation

B, =k E -k E

- Consequently



This result has been given previously by Birks, et al.,99 and by schiag;' A

et al.” It has been used by Yardley and Moore15 to determine the rate

cons’tzam‘cs,k:L and k2 in a three level system by observation of_fluoréscence,ﬁ

from E2. The result may be expressed as a préduct rule in transfer

functions for levels excited in series (series-product rule):
F(E,,G) = F(E,,C) * F(E,, E,)

The extension to an arbitrary number of levéls bopplated in-sepieé
follows by induction., The phase lag between any two-sucéeBSive statés
is required to be between 0° and ~90°,

In the de 1imit the expressionffor.Ez.redﬁces as reduired to tﬁe

steady state expression:

At this point it might be worthwhile to méntionian ahalégy £0'ag: 
electrical eircuits, ih the study of thch are encounteredvidenticalf
, differential equations tb those of linear kinetles. Ah analogy_to  '._
the single excited statelsystem is gifen by'a_simple,RC.loﬁ pass filter,
Fig.A-l&; The voltage response of this cirEuit'to ac exgitation'at an |

angular frequency w is given by
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| Fig. Al. Electrical ¢lrcuit analogs to fluorescence kinetics. &.

Single excited state., b, States excited in series. A represents
‘an ideal buffer emplifier to isolate successlve stages.
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where T = RC is the discharge time of the circuit in the absence of an
applied voltage. The electrical cireult analogy to.n state series
kineties is given by n isolated low pass filters connected in series,‘ :
Flg, A=lb.

A seeopd important iesult coneernlng fluorescehce'kineties comes‘
as;a-direet consequence of the lineerity, namely that the contrlbﬁtions
from two or more parallel paths are additive, There is no interaction f.;l
'resulting from the existence of parallel baths populaflng a given stete.ilb
| As'analbgous electrical circuit eould be censtructed By the use of voltage

summlng amplifiers (Eig‘AAQ). Tﬁis.resslt may be called the-parsllel-
ﬂsum rule..l" |
'Wlﬁh these two'rﬁles we may eonsider'the problem'of'cascade kineties.
Here there are two parellel paths,. one of which excites the observed
state (E2) directly, and one of which goes vie an intermediate state (El)
which has a finite lifetime. .
kla Ie ' k21 X

. ot
G ———> El . —> Eé > G

k?a Ie

We may now write immedietely

o 1 1 1
E, B = k - +- ,
2 kf2 la 1+ lw 1+ kﬂb .k2a 1+ i w :
ko1 2 2

a- result previously obtained by Lawrence and Savage.loq
The problem of radiation trapping may be treated by summation of

an infinite seriles,



EmtEn

——AM . -
’ ' : ' — : ' _XBLe8g -3774

IZ\
o/
i1
i

l;

||=

m
-]

Fig, A 2. ZElectrical circuit analog to the parallel mechanlsm in fluorescence kinetics.
S represents an ideal voltage-summ:mg amplifier. : - o
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kI . (La)k,

G ——2> > - G
% (1~oz)k o
N\ = o
" \‘iﬁ (l—a)k
y E > @'

oy

: HEre o is the fraction of the emitted radiation that 18 reabsorbed by . o

other molecules in the system. By summing contributions to E,

. ax, [ak\2 ¥
:E°IGk+iw s N\ Tt

, k
=TI ¢ a . 1
~o k +Hlow ok -0
f 1- .
. kf&iw
_=I°Gk -

& (1-a)kf+im

The system behaves as a single state system with its fluoréséence réte '
cbnstant reduced by the factor (1~)s The system has the correct de
1imit:

E = 2 a

(l-a)kf

As a final example we consider a situation involving two coupled

excited states,
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e ElA (;-a)l;l > o

(1-8)k,
: Eg,_._-__k_e..> o

_Reﬁriting this in 8 form suitable for summation in an infinite serles:

Ik (1) N
¢ —2—> .E k]>G' |

(1),

> @f

E

2
< (1a)k,

\\‘S B 5 .

»
.

By direct sum,

E, = I G-—-iia-“— { 1 +( ok, Bk, ) + ( )2+.}

17 % 7 ks otis ke

% :‘.(k2+icu) }

(ki+iw)(k2+im)-a k) Bk, |

v b (S g2) ()
o 1 ks 5 1@ .

ozkl

(k; +iw) (ky+Hw) < | k) Bk,

=I°Gka

e

Ehe
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It is interesting to note that E2 obeys the usuai phgse relation tovEl, '
but that El does.not have & simplé relation to Io' |
At o = 0 (de excitation) the appropriate steady state éxpressions
are obtained: ' |
. | ka
RN e
k o '
E, =TI G 2
27 % " k (1<) -
‘.Fnom theée examples 1t may be seen that the.phése shift-method'is‘
& rather natural extension of steady’sﬁate'kinetics._ The simplicity
" of the expressions developed is in great distinction to the expressioné
ariging from & flash~-decay experiment, in which the golution to the set
of coupled differential equationsidepends strongly on a knowledge‘of tﬁe
:initial conditions or on the assump@idn (often not valid) that the.dura-
tion of the flash has been sufficient to establish steady state condi-
tions.101 The simplielty results from the fact ﬁh&t only a §ingie modu- ‘
lation frequeney is involved and also that the kinetics are linear in
the modulated species, V
It has been observedloi2 that the phese shift #ethdd at & single
frequency ddes not provide a test that the fluprescent;mechanism is
first’order‘in a sgingle stéte (exponential decéy), The réason foi thié“
15 that the phase shift method probes the fluorescent system with a single
frequency. This is in contrast to a sharply éut-off flash,vwhich contginsv 
"all" frequencies, and ﬁhich cbnsequéntly provides a direct test for

"exponentiality!. The functional dependence of the transfer function

.on fréquency may, however, be obtained directly from phase shift studies
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by varying'thé modulation;fiequency, andvteéts of the assumed mechanism RS
maj be made in this way. Further, the frequency dependence of the . |
transfer function may be used to eluclidate the mechapiém where this 1s

not known. The analogy to electrical circults may be carried furthér:

The use of flasgh-~decay méthoda is analogous to detérmining the charac-.
teristics of an unknown circuit fibm.its time response to transient
signals, The.phase shift study is analogous to characterizing the‘circuit '
by its frequency reséonsé. The use of a'siﬁgle modulation frequency in,k‘
the investigation of a chemical system where the:asSumed mechanism is |

not that of a single excited state does.nof 1hvalidate the study. The
frequency response of the gystem may be calculated for an éssumed.mechanism
and . the measﬁrements-interpreted{in terms of that mechanism. However,
conducting thg studies at more thaﬁ one modulsation fiequency'would

provide a valuable check on the assumed mechahisnu
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Appendix Bi  ﬁigh Pressure Limits in Fiuoreacencelxinetics '

In a system of n collisionally coubled quantﬁm states the pressure :
dependente of the concentrations depends, in general, on a large numﬁef ”
(order n?) of rate congtantse J'enkinsl_o3 has giﬁen solutions for é'sys£em
consisting of two eiéited states for stéadyvstaﬁe-éxperiments in which
one or both states are exelted or observed. If the data are sufficlently
preclse the complete set of rate constant ratioé may be evalusted by
.regression techniques. |

In instancéé whefe 8 large npmber'of quantum stétes are inﬁolvéd it
is useful to develop approximstions from the general expression for con-
centrations in order to predict or éxplain fhe pressure dependence of |
fluorescence lifetimes and inteﬁs;ties. »This is readily done at high
pressures by an expansion in inversé powers of'the total presgufe DLA TheA
development of approximate expressions is‘particularly'zscessary for thé
interpretation of experiments of low spectral resolﬁtion in whicﬁ an
observed signal 1s almost lnevitably due to confributions from.many
quantum states, |
17
E2, ey En pOpulatgd in.a series mechanisms We shall conslder first

In this discussion we shall assume a set of n exclted states E

the steady state or dec situatlon, From Appendix A we have

IG k, M.

klé.~ ) 1a, ' ‘
"B, =I G = . : L. (1)
‘ +
1o kg vk, M M ke vk, M
Here kla 1s the sbsorption coefflcient into state El; kfl 1s the

' fluorescence.rate constant from state El; and k . 1is the total rate

ql

‘constant for collisional depopuldtion of state 1, TFor a second
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. generation exclted state

%o T @)

Here k21 18 the transfer rate constant from state El to state By, B

subset of kql'. For a third generation excited state
5 - IOG_ . klaM . k21M . k32M (3)
3 M kfi + kql M kf2 + qu M ka + kq3 M v

and so on for subsequent generations of states;

Mbre géneraliy, a second generatlon state'E2 may be populated by
contributions from more than one first generation state, so that we
have o o
IG k, M k21 M

. ia: . M .
E, = b K : (%)
kf2 + kqﬁlM - |

where the summationvis over all states populated directly by absorption

of indéldent radiation,’vSimilarly for s third generation state

- IOG 'Z kja M . kij M ) kBi M
M k. .tk ., M k. .4k . M k +k o M
7 1 Fery £1™q1 £33

(5)

where the summation 1s over all first and second generation quantum states.

‘We. now introduce the (verylreal) possibility of cascading, in which case

k
of generations removed from the initielly populated state, Thus

we can no longer state that a quantum state E, 1s uniquely a given number
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: - L, @ Ko M .z Keg M Eg M
W | Fgky W T § kﬂ+kqi W Rk N
+ 2y iia M& ) k iij ’ # \iij - + asees | (6)
91 Frytgy ‘g o

' whereek is now uged merely as an index and dees not signify the generetion ’
ef the'sﬁate. The.elllpsis signifies summations representing contributions
. to the population havihg greater numbers of intermediate states, It.
should be pointed out here that the expression (6) 1s still not completely
general, as it neglects the possibility of "beck-up" transitions. If
the'energy per step ie sufficlently lerge compared ﬁo kT,'this‘neglece
is.justified. “This point 1s diséuﬁéed in the:text. " fhe existence of
“"%ack-up" transitions would not affect the existence of high pressure‘
limits (equation T).

It is the expression (6) which we wish to take to the high pressure 

limit, at which k .M >> k., for all 1. At sufficlently high pressure

gl fi
the fluorescence rates will be negligibie in 8ll denominators in (6).

Under this conditilon the expressioh'reduces‘to

1 kﬁ By X ,
"o 8, ia i ja ij i -
E =315 *t2 7 7+ b n et sesel (7)

k
gk 1 Tql gk Ji TqJ Tql “qk

+

Thus at high pressures the concentrations in all quantum Stetes have the
same (inverse first order) dependence on the total pressure M. Since
the spectral dlstribution of the fluorescence from each quantum state

is a function of that state, the total fluorescence spectrum has a '"high
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- pressura limit* in which the relative intensiﬁies‘at all observation
wavelengths are‘independent.of pressure. At sufflclently high pressures,'
. for de eicitetion.the system of arbltrarily many_quantuﬁ.states will have
‘a. single quenching behaviory The inverse intensity at any wavelength :

will fary linearly withlpressure, Just as 1s the case with'single~state$

78

(Stern~Vblmer) kinetics. The comparison with Stern~Volmer kinetics is

facilitated by rewriting (7)

Mt Ky lﬁsi

I G

| Lo ez ox XL ()
B =% {kka.. o Ky g dm Egy R T b8

- If we define
(e )y = { kg ¥ 2 Ky i;f'+ 2 kﬁa Ko, ke }

then .

I .3k | s (8a)

This 1s to be compared to the high pressureflimlt of:thefstern-Vblmer'

“equation

=i o ()
a o , -

We may also consider the ratio of the high. pressure limiting slope to
the zero pressure intercept, or its“inverse, The intercept/slope ratio,'

which has units of pressure, is given by

(k) k
P* - a'‘k fk

T . (9)
| de kka qu o |

This'quenching presgsure 1s inereased by the ratio <ka>k/kka over -that
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)

'for'direct‘ex¢itation into the state Ek‘ It should be observed that this
v ' . * ’ '
ratio 1s defined only for k_ # 0o
. a _ .
A further remark should be made &t this point with reference to a low
reéolution experiment, At low resolution theidetectbr does not observe
"the fluorescence from & single quantum state, but rather a sum of -

fluorescences from many statest

ORI e L
-where Q,, takesninto account the éverlap of the_fluoiescenge of the ‘
vstate Ek wlth the spectfal response.of the detector at waveiength k-l )
Consequently the precéding and subsequent dlscusslon should be in terms‘
of'Ix rather fﬁan Ek’ This extension follows readily and does not change

‘the conclusions which we have reached.

Further’quaiitative informetion availleble from de experimehts is
obtained from the low pressure limit in quenching curves. A Taylor's

serles expansion of (6) at low pressure ylelds the result

a4 f_1 I S S PR
W N Jyo TG B | Kp T Kpy

 The quantity in brackets will be positive or negative depending on:whether
the state k 1s popdlated at low pressdres‘predominately by direct excita-

tion or by energy transfer from initielly excited states,

T,
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For ac e.xc»itation the analysis of the kinetic mechanism is similar,

Here " _ B
10 L m M

E ‘=IG = y
LT E N E T W K WA R T

. (11)

At this point we shall neglect all kfi wlth respect to kqi M so that

- ﬁﬁ[l;_ﬂ_&(.l._)}
. =I°G L z?éjG _kql M kql e (12)
| M k. M+ io M , ‘ * ,
ql o \
L+ 5T w
gl
Simiiarly, _
;“;3.1_‘_2.1_[1 (_m_)?(..l_'_ 2o (L 1)]
“\M/ \k k ™M \k_. "kt .
TG Xq1 Mg 9l @2 al_ e/ :
E, = 5 - (13)
1+ S I .
kql M qu M
and
B = IoG 1‘:le. k21 k52
M k
> Y fe o
2
wY- 1 1 1
(3l g k)
M/ \k- kK .x X Xk
gl g2 ql q52 92 a3
: )
l+(‘D )“l+(——-—-———‘° )][1+(“’)]
[ kM qu M qu M
2 3
1., X .1 _ (ﬁi) <;£_.;L_.;L_)
k- k k M/\k. k- k.) |
+l0 ol g2  d3 al @2 95’ | (14)
M [ . 2} [ o \2 o @
l+<———-—-)’ 1+(——--—) 1+( )
k. M X M
ql g2 .kq} M -

and 8o on for subsequent generatlons,
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Aﬁ éhis point we could follow the dc aréuﬁent by.constructing én
| arbitrary stat;,as & Sum Over processes populaﬁing that state, Féiq’
" brevity we shall not repeat this; ﬁhe generality of the dlscussion thet
immédiately follows is in no way affected by this, The argument is again )
mede that at suffiéiently high pressure terms of the order of M-'2 and B
lower may be neglected. This assumption is equiﬁaleht to fhé émhll angle
assumptions l.e., that ﬁangents of small angies may be,édded rathéi

than the angles themselves. Under this assumption

ql
P g e e | -
' M kql kqg Mo kql _ kqg _ :: S f

and so on, For an‘arbitrary state E

. the population.at high pressure

will be”given by

‘IG X . ' | | )
: [e) i 8y .
By "% W 3<ka>k'.*ﬂ‘<rig$ - ~ (26)
ak Sq . R
where _ S o L
- L T T
vk /fk ), = /e +2 k : +
a/%q /% -'kka N R
s k. g Me fa 1,
“ "a k.. k K X K
ji % Tqd Tai aJ "al ek /-

+¢o¢'v .



FOr:any state, at sufficlently high pressure where thé assumptions 
made in the derivation are valid, the infphase component of the popﬁlation
ﬁill have an inverse first power dependence on the totdal pressure and thg
'out~of-phase component will have an inverse second power dependence; hThus!
by the arguments given preVidusly the in~phase and out~of-phase spéctra
will each have a high pressure limit., Further the ratio of the in-phasg
and out-~of-phase components of the population of any quantQm state ﬁill |

have a first order dependence on the total pressﬁre:

o cme i (k) o | |
B/ meT e wmeT g (a7)
a q%: ’ '

This expression is analogous to the limiting Stern-Volmer expreésion at
high pressures:
C p0°% =90° | -1 '
zEl‘/El ok Mo,
However the value of the apparent quenching rate constant will differ

-90°
k

willl vary uniformly as M. The apparent lifetimes of different states will

. . . . o
from state to state., Nevertheless the spectrum of the ratio EE/E

be in constant ratlos one to another and will vary as the inverse first

power of the total pressure.

*
aqk

experiment in which'quantum-states are spectrally resolved as the limiting

The quantity k . is directly accessible experimentally in an ac
slope (at high pressures) of a graph of 800/8;900. If the spectroscopy
18 not resolved, then an observed signal will be an average of contribu-
tions from numerous quantum states, as glven by Eg. (10).

Similarly to the dec case, we may consider the intercept/slope

. ratio of the ac quantity Eog/E_9O;, again taking the limiting high
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pressure slope, This fatio is given by

P*' (i /)y

.
ac = kfk k

5 " g (28)
This quantity ié not required to be equal'to the corresponding gquentlty
for de excitation (equation 9),

Thus far we have discussed Eq. (16) only in terms of the ratio of
’ the 1n-phase and outaof-phage componenﬁs of the population. A compariéon
of Egs. (16) and (8a) shows that the in-phase intensity of the ac
excitéd population has the same pressure dependence (at high pressures.
ﬁheré the approximatiéns of - the derivgtions are valid) as the de popula-
tion. Therefbre the concluslons given previonsly concerning the preésure
dependence df the de population will 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-phase term, then this

equivalence will be valid as well for the total ac intensity,

2 \1/2

Sec = (Sg° * S~-9O°)

and for the Stern-Volmer intensity,

2 i . ’
SS~V = (S?)o + S_goo)/soo

A measure of this equivalence may be ascertained by the:approach of the

qu&ntiﬁy 1 +'(S_9oo/soo)2 to the high pressure limit of unity.
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Appendix &3

. Migration of Excited Molecules

_Beeause of the long lifetime of the excited NOe'moleeule the distence.
travelled‘nnder conditions of collision free motion‘by'thermal molecules
in their lifetime is.the order of centimeters; _If_ekcitedumoleqnies ' |
are remored by wall collisions or leave the region>of observation the
ﬁeasured values of intensity and lifetime at very low pressures will be
reduced from their_true values, In order to consider this effect quanti~
4tative1&_a model calculation was_made of the magnitude of the error to x':'.
be expected as a function-ofsthe gize of the ooserved fluoreseenee regdon; '

The conditions upon which the calculation was based are as fOllowsi

1) The excitation ﬁakes.place along.an infinitely narrow line.
Suchla model is a good~epproximation for laser excited fluorescence, i
- For convenfional excitation wnere the beam of erciting radiatlion has af
cross section of finite dimensions, the infinitely»narrow model can be;}
used as a Green's function source overrthe excitetiOn‘region. .

2) The obserVation geometry is cylindricael about the line of
excltation, The intensity I(p) is the Antensity of all fluorescence
at radius pjy i.e., the integration over 2w for the angular distribution .
_has been made. The integral of I(p) from radius p to w ig also computed,'
this integral corresponds to the relative»error in the observed fluores-
cence intensity resulting from obser&&tion'only of tnevregion from T
O to P« The analogous error quantity for the lifetime 1s also computed.

3) The Maxwell-Boltzmann relocify distribution is obeyed. - The

calculation was made in terms of the most probable.#elocity :
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v,=(2k T/ m)l/e, Tmplicit here is the assumption that the =xelting
xadiationvdoes not select a non-Boltzmann éample of the ground state
molecules, This assumption is good for excltation from a contlinuum
sourcey but would be suspec£~for line source excitation, In the lgtter
case a mis~match of the excitation and asbsorption lines would result in
selectlve excitation of faster molecules on the tall of the Maxwell-
Boltzmann distribution, | -

ﬁ) The fluorescence 1s exponential with a single time constant Te

5) The mean free path of the molecules is large compared to‘the
dimensions of observation and to the product VbT. l:

Under these conditions the intensity distribution I(p) can be
obtained from the distribution I(f,p) by integration over the rgdial
velogity distribution in cylindrical coordinates‘f(vp). This distri-
bution function may be obtalned simply from the generai Maxwell-Boltzmann
vdistribution funetion by change of coordinates and lntegration over the

coordinates ¢ and z.

v2 V2 : .
_av - P - : . 4
f(Vp> = f(v) = - e , .

which satisfies the normalizationt

[F2(v) av =1
0 .

For a gilven radial veloecity v we conslder fluoreséent'intensity
as a8 function of p, whiech wlll be equal to the decrease in pa}ticle

flux per unit distances-

. dN
He)=-3 -
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From the assumption of exponential decay,

. N

Substituting dp/v for dt,’

avy _ N
de vt !
‘yielding 4
N(p) = N(0)e™P/T
Hence

' 1 - '_
I(o,v) = <= (o) eV

This quantity mist be integrated over the velocity distribution to yleld

the desired distribution function for the flﬁorescent intensity

, o L 2.2
1(6) = (1(e,)), = G 2 TV o

In addition to this function we are also interested in the integral

quantity

1

F(p) = f_o° I(p) dp/ﬂ: I(e) ap

that 1s,the fraction of the intensity that is emitted beyond a given
radius Pye This quantity may be obtained by integratidﬂ'of I(p) before
the average over f(v) is taken, ‘

2 1oy =m0y (o ¥ L

Py

B

As required by normalization, for Py =0 and Py = mlthis integral takes
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. the values N(0). For the limits Py and « the Galuelis'

A

. =P /v#
- N(0) e 1
8o that \ . » '
- ' 2,2
: (o, v+ v )
F(p) = ?2 2ove Yo SR gy .
TV 0 ’

[

This integral 1s formally idénticgl‘to'that obtaiﬁed'by'Landau and Tellezflo#
in their consideration bf enefgy tfansfer prbbabilities.for di&tomic gas
molecules upon collisidns‘ Values for both I and F may;be obtained

with gbod accuracy by use of thelr appx;oximati'on' technique; 1,e., expﬁn-.'
sion of thé exponent about 1ts mﬁxiﬁunu However, since Simplé techniques
for computer integration of such expressiond ére;available; an exact
calculation was made. | |

For the purpose of this calculation the dimenslonless variables V and

R were defined:

v =,V/Vp

R = Q/TVb.
whence . .
| I(R) -2 N, f: o—(RAT + Va)'&y
and

| | p
F(R) = 2 f;" v BV +V7) 4y

Finally, since we are interested only in the relative 1ntehsity distribu-

1/2 N

tion as a function of R, we may re-define I(R) by dividing by I(0) = .

80 that now

1(R) = 2/ 7 j: e“(R/V-J' v?) av .
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fhese integrations were perfofmed-by the Rombérg technique105.With a
requlred felétive convergehce limit of 10-6. The resulté are given
in Flg. C-1.

The preceding derivation has been developed for steady state or
time independent excltation and observation. The extension, in general,
to the ﬁime—depeﬁdent casehwould be iﬁvolved; however, for the case of
a flash~decay experimentﬂthis exfension may readily be carried out, and
the conclusions will probably be qulte ciose to those obtained for
sinusoidal excitation and observatlon. A

Fof~a flash at time t = O, populating excited,molecules as pre=-
viously at p = O, the time when an excited molecule of Qelocity # is

located at radius p is given by

T(pyv) = o/v

This time'T may be averaged over the observed intensity dilstribution to

glve an average observed fluorescence time lagx'

[ g Tosv) T(pyv) 2(v) avde

fp f&I(Q,V),f(v) av dp

By substitution

o o 2,2,
(rr) = 20) 72 = £ o ~(Plve V) gy ap

Vp'l' pl 0 | J
By carrying out the integration over p

2,2
P -(py /vt + v /¥2)
() 2 =20 o By et " av
p 2 1
1 vP . 0

~ the same integral for 05
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Figure Cl, | |

ﬁadiai distribution of’fluorescence intensity and 1ifetime ih c&lin-
drical geometry.  R: is s dimensionless radius equal to the-radiﬁs of
-observation (measured from an infinitely narrow excitatioﬁ liné gource)
divideﬁ by the prdduct of the‘lifetime £1mes the most probable velocity;.
Curve I gives the distribution of.fludrescence,intengity; The inﬁegration
ovéf 21 azimuthal distribution of molecular velocities hasrbeen ipciuded
in the eﬁaluation of I. Cur#e F gives the error in‘meﬁsured quantum
yield if measurements are made oﬁky of fluorescence originating in the
cylindrical volume extending to R. Curve E'gives the analogoué error

in the measured lifetime.
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At this point we let Py =, 8O that the secbnd integral vanishedé, By

gubstitution of the dimensionless variables V and R

(1m)g - 'ﬁ(o)'ér (2R f;" (R/V + V2) av + 2 f°° ve ~(B/V + V2) av)

; N(é)%vﬁf% R I(R) +{F (R))

where I and F are fhe integrals which have previously beén evaluated,
By way of a check we observe that (IT)Ss: N(O)< a8 requlied. From

menipulation of the limits of integration

R o )
(R = (o - (e

= N(b)t‘{lf NT RI(R) - F(R)) .
Similarly, _ . _ |
. R , :
(1) = M(0) (1-F(R)) .

Hence, .

1 - F(R) }

W%;;{l?ﬁuui&].

or

EkR) =

= (g _ Amr@®)

o 1 - F(R). ]
This quaﬁtity was computed from the values of I and F Bbtained pre= -
viéﬁély and 1s also given in Fig, C-1 . 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 curves E and F may be used directly to estimate the expected
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v

error in méasufed'lifetimé.or quantﬁmryield dﬁe to the finiteness of the |

region of observation. Thus for R = 5 the inﬁensity measured willl be |

decreased by l.é% from the true intensity and the measured.lifetink

‘will be 4% too short. At R‘= 1 the values are 30% and 43%, respecfively}
In conclusion it is felt that the results of this calculation |

demongtrate the necessity of deteétiné the fluoréscenée af distances of

several VbT béyopd the excitation fegiqn for precise méasurementg of

fluorescence lifetimes and quantum ylelds.
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vappendim D. Data Analysisv-

The purpose of this appendix is to present a discussion of the
.methods of handling the date from the measurements of fluorescence
lifetimes and intensities as a function of pressure, and to present
the eriginal date and the results of the analysis;‘ It was desired to
present the original data in their 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 summarized here. The least squares subroutines were standard
prbgrams avallable from the IenrencevRadiation Iaeboratory Berkeley
Computer Center program‘library; The computations were perfbrmed on the
' Control-Data Cdrporation 6660 computer.

Each set of data~(data points at all pressures for a glven excita-
- tion wavelength and;observation filter) waS:fitted to four functlons.
The functions chosen were as follonsx N

1) A linear fit with two parameterst 'Fl(P) = A + BP.

2) A second degree polynomial fit, allowing for curvature in
the data; three parameterst ¥, (P) = A+ BP + CP2 The parameters -
were not constrained to be equal to those 1in the linear case,

3) A three parameter function allowing for curvature but having
a first order dependence on P at high pressures: F (P) = A/(l+CaP) + BP,
| L) A four parameter function allowing for curvature and having a
" first'order dependence on P at hlgh pressures: Fh(P).= (A o+ BeP +
_'CEEE)/(l + D2P).. The indicated parameters in functions 3 and 4 were

squared to restrict the coefflcients to posltive values.
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The functlions 1 and 2 were capable of exact solution in the usual Wa¥e
This was done. by means of the subroutine package LSQPOL (least Squares

Polynomial Fit), 106

The functions 3 and 4 were fit by an approximate
1terative technique.._The program uséd wes a mpdificati;n of thé LSQVMT
program, which uses the VARMIT method of variéble metric minimiza.tion.lo7
In all cases the weighted error sum § = § ﬁi[Yi(Pi)'- F(Pi)]2 was minimized
wlth respect to the parameters. The statlstical welghts W, were inversely

proportional to the estimated vaiiance, which was obtained from the propa-

0 90

sources, In the case of measurements of R this additional varlance wﬁs '

gated variance in S.. and S_gpe added to the estiﬁated variange from other
computed from an estimated fractional error due to uncertainty in setting
the phase of 0.0i%(R + 1/R).s For intensity measurements the additional
uncertainty was taken as 5%. ‘ ‘ .

vIn addition to finding the parameters the program was also designed
to compute the variance-covariance matrix z}whiéh;tinifﬁrn, aiiOWed for-
the evaluation of the standardvdeviations'in the parsmeters (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 F5 and Fh this matrix must be evaluated»appraximately. The func-
tion ig expanded in a Taylor's series in the parameters about the function
evaluated at thelr best value, and only the iinear terms are retained.
The V matrix is then evaluated in the usual WaYe |

The methods for obtaining.the varlance-covarlance matrix V have.

109

been dlscussed bvauesth8 and Wolberg, and will be summarized here,
In the case of the fit to a polynomlal in the independent varlable T

we define the matrix ¢,
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a J4k ‘J:“olici‘ P
- ¢Jk ii:l wi T . Kk =0 s4ee P
where p l1s f%e degree of the polynomiai, and N is the number of dats -

points, The V matrix is then given by

where 52'15 the estimated variance, sa.%AS/(Nkpal); ‘In the case of an :

~ arbitrary fitting function ¢ is glven by

N "
=1 N

¢, = 3 w, G , G J nee .

BTG LT TRL k=l W

where

. . ) aF(Xl,Xa, ey X,j’ OOU,I‘XN?;;: Ti) \
e b A . Q XJ - | ; : X = z*ﬁ

Here Nb”iévthe number of fitting parameters, X 1s the veetor of the para-

meters, and X is the vector of the values of the parameters for the

#

least squares fits V¥V 1s computed as abbve, with sehé S/(NLNE).
The usﬁal-F, or variance iatio; test was employed to determine
whether the fit to the data was significantly’improvgd by an increase in_
‘the nqmber of parameters Nb. For'any increase in Nb the error sum S'wili
be somewhat_decreasedg the question that thisbteSt seeks to answer 1s whether
thié décrgaSe-is statistlcally significant. Thenuée”oflthis5test is-diséussed
by Guest.lo8 For two different fitting fungtions having respecti&ely Nbl'

aqd Nb2 parameters (N’p2 > Nbl) then
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( - (ﬁ_ ‘) NN,
F(N, =N._3 N-N_) = [ == =l)x —B
TR T \5 T N@ejfbl

3

To test the significance of the Improvement, tables of F (fbr'example
Table V of Fisher and Yatesﬂ;lo) are employéd. } | |
The cholce of which of several fitted functlons ih the,"best"‘fit o

to a set’'of data'is inevitably a subjective onej the subdeétivity may be
in the determination.of a required confidence level ih application ofvthe
F test, or may enter into each individual decision. In the present work
the latter course was chosen, although considerable rellance was placéd
upon the results.of the F test. The criteria upoh which the selections
were based -were:} | ‘

1) Confidence level for improvement of F, and F; over F; > 0,90
‘required to reject F. . |

1

2) Confidence level of F) over F3 > 0,90 required to select P, in.f-

preferenée to FB‘
'3) Conventional and inverse Sterh—Vblmer plots were required to
exhibit no irregularity in éxtrapolatibn to the igrovintercept. Fits
| ‘to Function Fy were thereby excluded since the.limit:Fe/?‘is:infinitéff-:
at infinite pressure (l/P = 0)s In no case was there any indication’
of such behavior in the data. | |
The data are presented in Table D-I, The eﬂtfies in this table
are as followss |
Pressurey The total N02 pressure In millitorr,
Soo and S__9o
normalized aé discussed in Chapter II,.Sec.-B-3..

ot The measured in-~phase and out-of-phase intensitiles,
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}‘I-lband R‘li The two Stern-Vbimer quantities,:#nverse.intensity -
and inverse intensityjratio)'as defined in_Chapter I, Sec. C. The inten-i
fsities are given in arsitrary units proportional to qua'ta per em-l sec,:
thus intensities obtained with different filters (for the same excitation
wavelength) may be directly compared. For convenience I -1 has been given
as 10 /I. . l
‘ Lifetime: The lifetime calculated directly from the;measdrement '

under the assumption of a single excited state, Eq. (I-B-5)

‘ E 0°° E

o5 EI’ and E,¢t The fractional sample standard deviations_

~90 R
associated with the measurements of the indicated quantities as determined
from the varianee of the raw, unaveraged readings from the counter (hot |
‘ presented). ER is also the fractional error essociated with the lifetime,
From the fitted functions for the quantities R‘l and I™% the follow-
ing data vere included in the table, as well as the associated errors
(fractional standard deviations) where applicablez
Function Typex Fl’_ 3 or Fu.!

'~ Coefficients: The parameters (or parameters squared, as approprlate
to the fitting ‘function) in order A (or A ), B (or 3 )y c2 °. The
coeffisients are given for R -1 and I expressed as a function of the-
llpressqre in millitorr. = Thé exponential format is used. Thus, for
example, "E-O1" signifies o=t

Interceptf The zero pressure‘intercept of F; for the lifetime data
the zero pressure lifetime 7(0) = w-l/Rfl(O) was also computed.
Slope: The infinite pressure 1imit of the slope of F, in units‘

ﬁtbrr-l; for the lifetime data this was expressed also as a rate
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constant in units:cm;/moleculevsec, by use of the conversion factor ayN%,'
Here M 1s the particle density at 1 mtorr and 296.4°K computed under the
" assumption of the ideal gas law, 5.257x101? molecu;es/cm3.

Quenching ratiot The ratio of the two érevious quantities in
units of mtorr-l. The quenching pressure is the inverse of this quantity
in units of mtorr. |

Variance ratiot The variance ratio of the "pest” fit reférred to
the linear fit,zwhere applicable; the degreesof freedom are glven in

the conventional notation.llo



Table DI
Data of pressure dependent studies 6f NU§ fluoréécenée‘kinetich Explana~-

tions of coiumn headings are glven in the téxt.. ,.'
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1.5%9 11238 9262 « 011 0019 1.213 5299 36,44 022 $ 016
3.77 10310 SR4RA 007 « 006 1,765 7335 25.05 £ 009 - «00S
4,78 81385 3548 -a0N4& « 006 2,092 10007 21,13 « 007 «003
10,20 4961 1442 « 009 023 3,440 18587 12.85 «025 «008
10.20 5082 1422 .00S $017 3,574 18249 12.37 +018 «005
15.06 4174 872 . o609 «01R 4,789 22946 9.23 0020 . «008
15.06 4009 a74 «010 0021 4,587 23812 9,64 2023 «009
3n,30 2121 233 «006 «034 9,103 46585 4,86 « 035 0006 1
30430 2442 269 <006 +058 Ba 450 40384 5,23 058 2004 O
4810 1378 124 NJ «055 . 11,113 71986 3.98 « 0S5 « 004 e
4R410 1432 93 «002 + 081 15.398 69539 2.87 «081 «002 i
LEAST SOUARES FIT FOR 1/R CATa FUNCTION TYPE F (1)
COEFFICIENTS FOR FITYING FUNCTION 7.311E=01 24765E=01
FRACTTONAL ERRORS IN COEFFICIENTS ) 44955F=02 4, 086E-02
INTERCEPT  ,731 FRACTIONAL ERROR ,050 ZERO P, LIFETIME 60,47 MICRO SEC
HePoe SLOPE ,276 MTORR=} : FRACTIONAL ERROR 4041 HePo O CONSTANT 19,20 E=11 CC/MOLEC SEC
0 RATIO «378 MTORR=] FRACTIONAL ERROR o084 ) QUENCH PRESSURF 2,64 MTORR
LEAST SQUARFS FIT FOR 1/1 DATA FUNCTION TYPE F (1}
COEFFICIFNTS FOR FITTING FUNCTION 249136403 1.394E+03
FRACTIONAL FRRORS IN COEFFICIENTS S-S1BE=02 . 24317€=-02
A
INTERCEPT. 2913 FRACTIONAL ERROR ,05S5
HePe SLOPE 1394 MTORR=] FRACTIONAL ERROK 4023 ‘
Q RATIO 0478 MTORR=] FRACTIONAL ERROR 4071 QUENCH PRESSURE 2409 MTORR

XBL 688-5750



FXCITATION WAVELENGTH 4000 A " OBSERVATION FILTER NOe 2 (22170 CM=1) 14 DATa POINTS

..... - e o e o 0 0 e P P e e 0 e e O e P B e e e R B R e e e R D e

PRESSURE S0y S{=90) E(n) E(~90) /R Vv/1 LIFETIME £ (R) E(D)
M TORR MICROSEC . L
1.01 10263 11260 «020 : «009 C e911 4421 48,50 «022 2010
1.09 1015n 11892 - 022 «012 +BS4 6152 51,80 oN2% o014
1.82 9534 9R38 . e017 012 0969 5080 T 45,62 021 012
1.56 " 9168 9686 o028 « 009 2946 5154 46,72 T o029 010
3.76 9107 m « 006 «012 1,280 6817 34,455 013 009
617 R95g 5562 005 «009 1.610 © R0S8 27.46 +010 « 005
4,717 8377 5107 + 008 « 004 1,640 8703 26495 «0N9 « 004
4478 9023 5546 o0n7 « 007 1,627 8064 27.17 010 « 005
9460 6965 . 26867 Toe002 0004 2.429 12277 18,20 2004 « 002
10,20 61aa 23R0 « 005 0009 - 2.580 14159 17,14 «010 « 004
1620 497 1397 «ON2 «007 ’ 3.558 18644 12,42 : « 007 + 002
30630 308¢ 485 « 005 018 6,363 31623 6,95 019 « 005
45,60 2065 238 s 0N7 « 026 8,676 47791 S5e10 027 «007
48,10 ~1an 184 003 030 9.842 54654 4449 . +030 «003
LEAST SOUARFS FIT FOR 1/R DATA FUNCTION TYPE F (1)
COEFFICTENTS FOR FITTING FUNCTION 6.927£=01 1.R6TE=01
FRACTIONAL ERRORS.IN COEFFICIENTS 2.231€=-02 24166E=02 } ‘
INTERCEPT o693 FRACTIONAL ERROR 022 : 2ERO P, LIFETIME 63,83 MICRO SEC
HePo SLOPE ,1R7 HTORR=] FRAFTIONAL FRROR ,022 HePe O CONSTANY 12.96 E=1) CC/MOLEC SEC
Q RATIO 269 MTORR=] ' FRAFTIONAL ERROR L0641 QUENCH PRESSURE 3,71 MTORR
LEAST SQUARES FIT FOR 1/1 DATaA FUNCTION TYPE F (1)
. COEFFICIENTS FOR FITTING FUNCTION 3.436E¢03 9.R50E+02
FRACTIONAL ERRORS TN COEFFICIENTS 3.496E=02 2.532E=02
INTERCFPY w636 FRACTIONAL ERROR .03S _
HePe SLOPE 985 MTQRR=} FRACTIONAL ERROR 4025
‘0 RATIO «287 MTORR=1 FRACTIONAL ERROR .054 QUENCH PRESSURE  3¢49 MTORR

XBL 688-5751

~TCT~



EXCITATION WAVELENGTH 4000 A OBSERVATION FILTER NO, 3 (21460 CM=1) 12 DATA POINTS

- - D D TP g T D e P D A T T u U D S s G S R B S0 R R S R e D P D e S TR R P D R R R T P R N P B P D e WS @R E Do e EE eSS S oo e

PRESSURE S0y S{~90) g£(0) E(=90) "1/R 171 LIFETIME E(R) E(D
M TORR MICROSEC '
105 15908 17288 e 011 «014 «920 2882 4R, 04 2018 +015
1.09 18R18 20024 «017 «003 940 2492 47.04 «017 2003
1e56 18601 18812 e 011 « 005 «989 2658 46,71 0012 +005
1.59 17195 17358 - e 007 0005 | «991 2880 44463 « 009 + 005
3.?7 16517 12365 «003 o006 1.336 3880 33,10 «007 « 004
4,78 15470 9718 002 2006 1,592 4635 27,77 +006 +006&
4,78 15041 9769 « 004 2004 1,540 4676 28,71 006 2003
10.20 11913 4914 «001 - « 004 2426 7176 18,24 0006 «001
15.06 912n - 27188 2003 009 3.271 10028 13,51 «009 «003
30,30 5699 965 +003 «013 5,906 17058 7449 0013 «003
48,10 3212 385 <006 +018 Be343 30692 5,30 018 0004
48,10 3227 3717 « 003 . « 021 8,546 30617 - S.17 021 0003
LEAST SQUARES FIT FOR 1/R DATA FUNCTION TYPE F (1)
COEFFICIENTS FOR FITTING FUNCTION Te445E=01 1.686E=01
FRACTIONAL ERRORS IN COEFFICIENTS 1¢46TE=02 1.950E=02
INTERCEPY i Y FRACTIONAL ERROR 4015 ' ZERO P, LIFETIME §9.39 MICRO SEC
HePs SLOPE .169 MTORRe} FRACTIONAL ERROR 4020 HePe O CONSTANT 11,71 E=11 CC/MOLEC SEC
0 RATIO «226 MTORRe} FRACTIONAL ERROR ,032 QUENCH PRESSURE 4,42 MTORR _
LEAST SGUARES FIT FOR 1/1 DATA _ FUNCTION TYPE F (1)
COEFFICIENTS FOR FITTYING FUNCTION 1.98BE*03 Se4T6E*02
FRACTIONAL ERRORS IN COEFFICIENTS 4,55TE=02 3,510E=02
INTERCEPT 1988 FRACTIONAL ERROR ,046
H.Po SLOPE 648 MTORR=} FRACTIONAL FRROR ,N35 .
0 RATIO 2?75 MTORR=] FRACTIONAL ERROR ,0T1 QUENCH PRESSURE 3463 MTORR

XBL 688-5752

P3§T~ ‘



EXCITATION UAVELENGTHlbooo A OBSERVATION FILTER NO. 4 (20790 CM=1) 12 DATA POINTS -

PRESSURE S(0) St=90) E(0) E(=90) 1/R /1 LIFETIME E(R) E(I)
M TORR . R MICROSEC -
1.01 18087 21240 «008 - - 4006 «852 2324 51.92 « 009 005
1,09 - 17139 20016 2007 « 005 «856 2468 51,63 +009 «006 -
1.52 17018 18168 « 005 003 . «937 2746 47,21 « 005 0001
1.59 1637 17223 - 004 «008 +951 - 2899 46,51 «009. «008
3.16 14866 127746 . +003 006 1.164 3870 37.99 «005 2003
4,77 14037 10606 2003 002 - 1,323 4535 33,42 « 004 0002
4,78 1588% 11437 + 005 « 008 1.389 4146 31,83 2007 - +004
9.60 12539 6120 . «001 «004 24049 6441 21,58 « 004 0002
16420 9225 3259 «003 e 006 2.831 9637 . 15,62 0007 4003
30,30 " 6758 1370 « 005 «007 4,927 14229 T .BL97 ° 009 - 4005 .
45,K0 4252 591 $002 0016 7.195 23073 6,14 +016 $ 002 Bt
4B.10 3940 S44 +003 . «016 7.263 264906 6410 o016 003 tﬂ
LEAST SQUARES FI1T FOR 1/R DATA . FUNCTION TYPE F(1) !
COEFFICIENTS FOR FITTING FUNCTION T+214E=01 1¢353E=01
FRACTIONAL FRRORS IN COEFFICIENTS ' " 1.225€=02 1.890E=02
INTERCEPT  ,72Y = ' FRACTIONAL ERROR 4012 ZERO P, LIFETIME 61.29 MICRO SEC
HePes SLOPE ,135 MTORR~] © FRACTIONAL ERROR +019 HePe O CONSTANT 9,39 E=11 CC/MOLEC SEC
0 RATIO +188 MTORRe) FRACTIONAL ERROR 4029 QUENCH -PRESSURE  5.33 MTORR
LEAST SQUARES FIT FOP 1/1 DATA "FUNCYION TYPE F(1) ‘
COEFFICIENTS FOR FITTING FUNCTION 20051€+03 4,553E402 L
FRACTIONAL ERRORS IN COEFFICIENTS 3.969€E=02 3.493E-02 =
INTERCEPT 2051 FRACTIONAL ERROR ,040 : :
HePe SLOPE 455 MTORRel FRACTIONAL ERROR ,03% ' .
Q RATIO 222 MTORR=1 FRACTIONAL ERROR 065 QUENCK PRESSURF - 4,50 MTORR

~ XBL 688-5753



EXCITATION wWAVELENGTH 4000 A

OBSERVATION FILTER NOse S (20370 CM~1) 10 DATA POINTS

e e - - 7 gy T - e 0 Y A G 2 T D D e s D O P R D P S D e P P TP G D D T Y e e D e P D D W P 00D R e D e S D D

PRESSURE S0y S(=90)
M TNRR
1.05 17629 207719
1.54 1R408 19134
1.59 . 1R334% 19297
3.77 17974 15234
4 78 161130 11801
10,20 12222 6148
15.06 11058 4267
30,30 6713 1465
48,10 4199 605
48,10 w242 647

LEAST SQUARES FIT FOR 1/R DATA

COEFFJCIENTS FOR FITTING FUNCTION
FRACTTONAL FRRORS IN COEFFICIENTS

INTERCEPT + 755
HeP, SLOPE ,124 MTORRe}
G RaTIO + 165 MTORR=]

LEAST SQUARES FIT FOR 1/1 DATA

COEFFICIENTS FOR FITTING FUNCTION
FRACTIONAL ERRORS IN COEFFICIENTS

INTERCEPT 1021
H.P, SLOPE 426 MTORR=1
Q RATIO «222 MTORR=]

E(0) E(=990) 1/R 171 LIFETIME E(R) X38)
. MICROSEC
«009 +018 «B868 2374 52,11 $ 020 .021
.008 «004 .962 2611 45,95 «009 004
« 009 « 006 +950 2588 46,53 +010 «004
o004 «003 1.180 3738 37.47 2005 .003
«003 <005 1.367 4038 32,34 0006 <008
0091 « 006 1.988 6530 22,24 «006 2002
«0N] 016k 2.591 TR73 17,06 «016 « 004
001 0022 4,582 14219 9,65 .n22 002 L
o2 +016 64940 2333 6437 e 016 «002 Ul
o002 <005 64556 23038 6,74 005 002 il
FUNCTION TYPE F(1) )
7.549E=01 1.243E=01
16632E~02 2.1056=02 .
FRACTIONAL ERROP 014 ZERO P, LIFETIME 58,56 MICRO SEC
FRACTTIONAL ERROR ,021 HePoe @ CONSTANT 8,63 E=11 CC/MOLEC SEC
FRACTIONAL ERKOK ,032 QUENCH PRESSURE 6407 MTORR
FUNCTION TYPE F (1)
1.921E+03 4,261E+02
2:743E=02 2,100F=02
FRACTIONAL ERROR ,027
FRACTIONAL ERROR ,021 -
QUENCH PRESSURE 4,51 MTORR

FRACTIONAL ERROR 4042

XBL 688-5754



EXCITATION WAVELENGTH 4000 A NOBSFRVATION FILTER NOe & ’ (19960 CM~-1) 16 DaTa POINTS

LAl i bl e L A L L D P L L L L L L L P e L T P Y T R T Y P P Y P L L DL L L AL P L L L e e e L D D L L L Y 1)

- PRF SSUPE S(0) S(=90) E(n) E(=90) 1/R 141  LIFETIME E(R) E(I)
M T0RE - ' MICROSEC .
106 16706 20389 en12 «006 +819 2406 53,96 «013 +005
1.52 16622 1845] 016 «007 2901 2695 49,07 «016 »008
1.59 16R35 18574 <013 « 008 4906 2679 48,78 oNls o006 -
3416 16083 15157 <007 «007 1.061 3293 41,66 010 007
4,77 16677 13116 £ 006 2005 - 1,272 3705 34,76 <008 o006
4,78 178213 13823 o004 2004 1.289 3503 34,29 + 006 2003
9,60 14252 8090 005 2004 1,762 5307 25,10 - «006 «003
10,20 13400 69A3 001 «006 1.920 SR67 23,02 « 004 $0n2
16.20 11626 4414 $ 003 «009 24634 7518 16,78 « 009 .003
30,30 7517 1720 004 2009 4,370 12641 10,12 .0%0 + 006
30,30 800N 1Rn1 e 001 + 0009 bobb2 11897 9,95 «009 «001
30,30 8024 1892 2003 «009 4,261 11806 10,42 <009 .003 1
65,60 5324 871 <001 016 - 6,117 18260 7.23 016 «001 O
410 4908 12% L s 004 0014 6s770 19940 ) 6,53 « 015 « 004 \l,)'l
LEAST SQUARES F1T FOR 1/R DATA FUNCTION TYPE F{1)
COEFFICIFNTS FOR FITTING FUNCTION 7.056F=01 C14181E=01
FRACTTONAL ERRORS IN COEFFICIENTS 1.33PE=02 1,568E=02
INTERCEPT = ,705 FHACTIONAL ERROR ,013 ZERD P, LIFETIME 62,67 MICRO SEC
HePe SLOPEF  ,118 MTORRe} » FRACTTONAL ERROR ,016 HePos O CONSTANT 8,20 E~11 CC/MOLEC SEC
0 RATIO 167 MTORR=] FRACTIONAL ERROR .027 . QUENCH PRESSURE 5,97 MTORR
LEAST SOUARES FIT FOR 1/1 DATA FUNCTION TYPE F(1)
COEFFICIENTS FOR FITTING FUNCTION : 2.094E+03 34421E402
FRACTJONSL ERRORS IM COEFFICIENTS 2, TORE=02 2,157€=02
INTERCEPT 2094 FRACTIONAL ERROR ,027
HePe SLOPE 342 MTORRe] FRACTIONAL FRROKR ,022

0 RATIO s163 MTORR=] ‘ FRACTIONAL ERROR ,043  QUENCH PRESSURE 6412 MTORR

XBL 688-5755



EXCITATION WAVELENGTH 4000 A OBSERVATION.FILTER NOo 7 (19350 CM=1) 12 DATA POINTS

A 00 e R R R e D D O WD B D D D R D e R S TR WD R D e T o D D A G Y P R P D P D e S0 B4 b R P R P R D G5 D P I D e e OV R R T D D W W ORGP W e D

PRESSURE S(0) S{=90) E(0) E(=50) 1/R 171 LIFETIME E(R) CE(D
M TORR ) MICROSEC :
le0) 2057 25483 «009 0003 «807 1918 54,77 «009 «004 -
1.09 2046R 24989 « 006 «009 «819 1962 53.97 o011 e 011
1.82 2005y 22046 «009 «004 910 2258 48,61 «010 2004
1.59 20663 21744 «007 « 006 950 2296 46,52 « 009 006
3.16 1B834n 17213 « 004 : «007 1.065 2899 41,49 «008 007
4,77 18363 15216 o003 - «005 14207 3229 36,63 «006 «004
478 19824 16223 «NOI 2006 1,222 3021 36,19 007 005
9.60 16014 9692 2002 «002 1.652 4870 26476 «003 «001
16.720 12533 5385 « 002 «004 2.327 6735 19,00 2006 002
30,30 9466 2385 002 « 002 3.969 9934 1114 «003 002 '
45,60 6333 1117 +001 «00S S.670 15314 7.80 «005 2001 |
4B, 10 871 975 002 W007 64022 16576 7.36 2007 2002 %R
LEAST SQUARES FIT FOR 1/R DATA FUNCTION TYPE FI(3) ’ {
COEFFICIFENTS FOR FITTING FUNCTION Te449E=01 1¢145€E=01 24659E=n2
FRACTIONAL FRRORS IN COEFFICIENTS 2,757€~02 6.970€E=02 8,070E=01]
INTERCEPT 745 . FRACTIONAL ERROR ,028 ZERO P, LIFETIME 59,35 MICRO SEC
HoePy SLOPE ,115 MTORR=] , FRACTIONAL ERROR 4,070 HePs Q CONSTANT 7+95 E~11 CC/MOLEC SEC

0 RATJO ¢154 MTORR®) FRACTIONAL ERROR ,061 QUENCH PRESSURE 6451 MTORR

VARIANCE RATIO COMPARED TO LINEAR F1IT, 141 FOR ( 1+ 9) DEGREES FREEDOM

- > U " P D S T G D e P P e A D e e P P A e e - - . - - e W D W W

LEAST SOQUARES FIT FOR 1/1 DATA . FUNCTION TYPE F (1)
COEFFICIENTS FOR FITTING FUNCTION { 1+730E*03 2+965E+02
FRACTIONAL FRRORS IN COEFFICIENTS 2+.9R4E~02 " 3.000E-02
INTERCEPT 1730 FRACTIONAL ERROR ,030

HeP, SLOPE 296 MTORRe=) FRACTIONAL ERROR ,030

O RaATIO «171 MTOPR=] FRACTIONAL ERROR .052 QUENCH PRESSURE. 5,84 MTORR

XBL 688-5756 -



EXCITATION WAVELENGTH 4000 A . OBSERVATION FILTER NOs 9 (17880 CM=1) ‘ 13 DATA POINTS

PRESSURE S(0) S(=90) E(o) E(=90) 1/R 171 LIFETIME E(R) E(I)
M TORR : : MICROSEC -
1401 20687 24725 o012 2006 <837 199} 52.84 «013 «007 :
1.09 2nR8g 27118 w010 «011 770 1783 57.40 2015 #0116 -
1.52 19289 22895 «0l4 <006 o842 2152 52,47 «015 $ 007
1.59 19068 23289 . 004 2007 «819 2108 54,400 «008 0008
3.16 17684 18467 «008 «008 »958 2705 46,416 o011 +008
4,77 1933 18828 0002 4006 1,027 2655 43,05 « 006 s 006
4,77 1797% 17164 «008 «002 1,067 2910 42,22 «008 +002
4. 7R 19564 18155 «012 +001 1,078 2746 41,02 012 001
9.60 17365 12972 0004 «006 1,337 3697 33,06 $ 007 «004
16420 15132 7946 0004 0007 1.906 5180 23,22 2008 2004
30.30 11914 3619 «002 2009 3,292 7684 13,43 «009 <002 L
45460 8257 1866 2001 «002 4.425 11522 9.99 0002 «001 U
48,10 1707 1661 $ 002 . «009 44,640 12399 9,53 2009 £ 002 N
LEAST SQUARES FIT FOR 1/R DATa FUNCTION TYPE F(3)
COEFFICIENTS FOR FITTING FUNCTION _ T4490E=01 . 94349E=02 5,529E~02
FRACTTONAL ERRORS IN COEFFICIENTS : 2.885E=02 4o093E=02 3.067E=0}
INTERCEPT  ,748 , FRACTIONAL ERROR ,029 ZERO P, LIFETIME 59,03 MICRO SEC :
HePo SLOPE o093 MTORR=} _FRACTIONAL ERROR 4041 ‘ HePe O CONSTANT - 6449 E=1)1 CC/MOLEC SEC

Q RATIO +125 MTORR=] FRACTIONAL ERROR .038 QUENCH PRESSURE 8401 MTORR

VARIANCE RATIO COMPARED TO LINEAR FIT, 9.9 FOR ( 1410} DEGREES FREEDOM

- - o 4 P B YD O S S LG Ee et NP e R R DS

LEAST SQUARES FI1T FOR 1/1 DATA FUNCTION TYPE F (1)

COEFFICIFNTS FOR FITTING FUNCTION 14750E403 . 2+115E+02

FRACTIONAL ERRORS IN COEFFICIENTS 2,964E=~02 3,634E=02

INTERCEPT 1750 ) FRACTIONAL ERROR ,030 - ' _

HePo SLOPE 211 MTORRel FRACTIONAL ERRNDR ,036 : :

Q RaT1O +121 MTORR=} FRACTIONAL ERROR ,058 . QUENCH PRESSURE 8427 MTORR

XBL 688-5757



EXCITATION wAVELENGTH 4000 A A OBSERVATION FILTER NO. 10 (16960 CM=1) 12 DATA POINTS

PRF SSURE St S(=90) E(0) E(=90) 1/R 1/1  LIFETIME € (R) E
M TORR , MICROSEC
1enl 23446 31763 eN12 « 009 + 738 1504 $9.90 «015 «012
1452 23797 29520 «009 «007 «806 1655 54,85 0011 » 009 -
1,54 2391s 30060 «010 «008 o796 1621 55457 © 13 «010
3.27 23468 25451 «006 +003 <908 1925 48.70 «005 «003
4077 19821 20638 « 005 006 . +960 2421 . 46,03 . «006 004
4oTR 21399 22006 <008 " e005 «973 2271 45,46 «009 « 005
9.60 19967 16273 «001 «004 1.227 3010 36.06 2004 «003
1670 17288 10353 ‘ «001 + 005 14670 4258 26,48 « 005 «003
30430 13778 4993 «003 «004 2759 6415 16402 + 005 «002
30430 14839 5351 o001 « 005 2.773 5964 15.94 + 005 <001
45.h0 10030 2502 fe 00?2 44009 9386 11.03 <002 000 . &
48410 938A . 2301 «003 «00% 4,076 10056 10,85 +009 «003 e
LEAST SQUARES FIT FOR 1/R DATa FUNCTION TYPE F£(3) .
CCEFFICIFNTS FOR FITTING FUNCTJION 7.260E=01 8411BE=02 Se520E=02
FRACTTIONAL ERRORS IN COEFFICIENTS 2.309E-02 2.518E=n2 2.116E=01
INTERCEPT  ,726 FRACTIONAL ERROR .023 . ZERO Po LIFETIME 60,90 MICRO SEC
HeP. SLOPE - ,0R]1 MTORRe} FRACTIONAL ERROR 4,025 HePe O CONSTANT 5,64 E=]] CC/MOLEC SEC
0 RATTO «112 MTORR=} FRACTIONAL ERROR ,024 QUENCH PRESSURE  B,94 MTORR . .

VARTANCE RATIO COMPARED TO LINEAR FIT, 22,9 FOR ( 1y 9) DEGREES FREEDOM

- - cosmcremm-- D o o T D et P T Y e T R O s B S e D O D O s v e e P e -

_LEAST SQUARES FIT FOR 1/] DATa FUNCTION TYPE F(1)
,"OEFFICIENTS FOR FITTING FUNCTION 1.391€+03 1. 703E+02

r RACTTONAL ERPORS IN COEFFICIENTS . 2.960F=02 2.980F =02

INTERCEPT 1391 _ FRACTIONAL ERROR 030 ' .

HeP, SLOPE 170 MTORR=1} FRACTIONAL ERROR ,030 . .

Q RATIO 2122 MTORP=1 FRACTIONAL ERROR o052 QUENCH PRESSURE  8.17 MTORR

XBL 688-5758




FXCITATION WAVELENGTH 4000 A " OBSERVATION FILfEP NOe 11 ‘ (15850 CM=1) 12 DATA POINTS

P - - T R e P L D e G R T T R P e e P e T S e P O D P P D e e O B O D e 4 R A P R e OB D e

PRESSURE S0y S{=90) E(n) E(=90) 1/R 171 LIFETIME E(R) E(D
M TORR o ) : MICROSEC : : '
1.05 16364 22611 «019 « 008 o724 2101 61,08 0021 012
1.52 16790 219713 o011 «007 764 2196 57.86 +013 ~ +009
1.59 1657n 21625 017 «010 o766 2233 57.70 020 «013
3.16 15493 19049 +008 «006 813 2570 54,36 010 « 007
477 16399 19286 004 «006 +R50 2559 51,99 +006 «00S :
4,78 18524 21498 .008 0004 «862 2300 51.30 2009 « 005
9.60 17744 17457 T e002 .s006 1,016 2864 43,49 o004 <004
16420 16258 11648 002 006 14420 4112 31.13 2006 « 006
3030 14690 5980 «002 0008 24457 S840 18400 008 +003
30430 13983 5626 003 005 24485 6155 17.79 ° 006 «003
45,60 10107 3037 0002 + 005 3.328 9075 13.28 2005 0002
48,10 9674 2600 « 005 +012 3.721 9641 11.88 «013 « 005
LEAST SOUARFS FIT FOR 1/R DATa FUNCTION TYPE F(3) ~ g;
COEFFICIFENTS FOR FITTING FUNCYION 7.6226=01 7+4280E=02 14138E«n1 %)
FRACTIONAL FRPORS IN COEFFICIENTS 4,139E=02 2,629€=02 1.925€~01
INTERCEPT 2762 FRACTIONAL ERROR ,04]) 7€ER0 P, LIFETIME 58,00 MICRO SEC
HePo SLNOPE « 073 MTORR=] FPAFTIONAL*EQPQH «026 - HePa QO CONSTANT Se06 E~11 CC/MOLEC SEC .

Q RATIO ¢096 MTORR=] FRACTIONAL ERROR ,038 QUENCH PRESSURE 10,47 MTORR
VARIANCF RATIO COMPARED TO LINEAR FITy 47,0 FOR { 1y 9) DEGRFES FREEDOM ' '

. e 2 D D R A e D P e Y D S e R D D e O o W S O OB Y e O D B e D e P

LEAST SQUARES FIT FOrR 1/1 DATA . FUNCTION TYPE F(3) )
COEFFICIENTS FOR FITTING FUNCTION 2+159E+03 . 1+R38E+02 7.857€=-02

FRACTIONAL FRRORS IN COEFFICIENTS T 5.719€=02 3.973€=-02 _ 3.,509€=-01

INTERCEPT 2159 FRACTIONAL ERROR o058 : - o v B
MePo SLOPE 184 MTORRe) FRACTIONAL ERROR 4040 - , - :

0 RATIO °  ,065 MTORRel FRACTIONAL ERROR ,053 QUENCH PRESSURE 11475 MTORR

VARIAMCFE RATIO COMPARED TO LINEAR FITy 1148 FOR ( 14 9) DEGREES FREEOOM

XBL 688-5759



EXCITATION WAVELENGTH 4000 A OBSERVATION FILTER NOes 12 (15130 CM=1) 12 DATA POINTS

PRESSURE S(0) S(=90) E(N) E(~90) 1/R 17% LIFETIME E(R) . E(D
M TORR MICROSEC
1401 1453) 21355 «022 «011 «680 2178 64,97 025 W 017
1.05 14220 20414 0024 022 « 697 2297 63,47 033 «031
1.52 14064 19756 013 «009 o712 2392 62,08 016 2013
1.54 15659 20903 « 009 0011 0749 2296 59,01 0014 o014
3.‘6 N 15517 . 19228 .009 0003 -807 2542 5‘.78 .009 000‘
477 15135 18442 4006 2004 «821 2659 53,87 007 « 005
4,78 15834 19439 «0046 . «003 +815 2519 $4,28 « 005 © +004
.60 15148 16017 0001 : 001 546 3117 46,76 «001 «001
16,20 14603 11268 002 +001 1.296 4292 34,11 0002 «001
30,30 13459 6088 004 2008 2.211 6168 20,00 . «009 +004
45,60 9866 3183 «001] «002 3,100 9180 14,26 0002 001
48,10 9304 2790 « 001 «008 3,335 9861 13.26 «008 002
LEAST SQUARES FIT FOR 1/R DATA FUNCTION TYPE F(3)
COEFFICIENTS FOR FITTING FUNCTION T«.206E=01 6441TE=02 9.418E=-02
FRACTIONAL ERRORS IN COEFFICIENTS 4e46TE=D2 3,789E=02 24460E-0]
INTERCEPT  ,721 FRACTIONAL ERROR ,04S ZERO P, LIFETIME 61,35 MICRO SEC
HePo SLOPE L0564 MTORRe} FRACTIONAL ERROR ,038 HePs Q CONSTANT 4446 E=11 CC/MOLEC SEC

0 RATIO <089 MTORR=1 FRACTIONAL ERROR ,0646 QUENCH PRESSURE 11.23 MTORR
VARIANCE RATIO COMPARED TO LINEAR FITy 27,7 FOR ( 1 9) DEGREES FREEDOM ' '

- = S - g D R e T e P D S T o B W S e G P YR D D W D P U S D D e D O P 0 P T O 0 D R S

LEAST SQUARES FIT FOrR 1/1 DATA - FUNCTION TYPE F(3)

COEFFICIENTS FOR FITTING FUNCTION 20216E403  1.8T7E«02 6:202E=02

FRACTIONAL ERRORS IN COEFFICIENTS 3.041E=02 2,873E-02 24369E=01

INTERCEPT 2216 _ FRACTIONAL ERROR ,030

HePo SLOPE 188 MTORR=} ’ FRACTIONAL ERROR 029 )

f RATIO +085 MTORRel FRACTIONAL ERROR 403} : QUENCH PRESSURE 11.80 MTORR

VARIANCE RATIO COMPARED TO LINEAR FITe 2047 FOR ( 1y 9) DEGREES FREEOOM

XBL 688-5760

-009"[-



EXCITATION WAVELENGTH 4000 A OBSERVATION FILTER NO, 13 (14270 CM=]) 12 DATA POINTS

L LD LI P Py P L L P L P L P Y Y P e Y P T P P T DL D P P P L L P LA P P Y R DL R L P e R L L L L L Lt L 2 ]

PRESSURE ~ S(0) S(=90) E(N) E(=90) /R 1/1 LIFETIME E(R) E(1)
M TORR » MICROSEC . v
lef1 16955 23038 016 +012 «736 2072 60,07 2020 «016
109 15967 23298 « 021 «009 «685 . 2001 64,53 2023 014
1.52 15732 21320 2019 « 014 « 738" 2261 59,91 024 - «019
1.59 15320 20745 o015 . <008 «738 2304 59,86 0017 011
3,16 1425% 17706 «012 «003 «805 2759 54,91 e012 004 .
4,77 15395 19090 003 006 «806 2560 54,82 «007 «007
4,78 15737 19802 © 2006 T 4003 «795 2460 55,63 + 005 2004
9.60 . 15364 17144 002 «006 «B96 2899 49,33 «006 2007
16420 15548 12736 . 002 0002 1.221 3849 36,22 «003 «002
30,30 1431 7108 «003 - 2006 2.014 5606 21.95 007 2003
45,60 10883 3741 « 003 «007 2.909 B218 15.20 «008 «003
48,10 9934 3225 +003 « 005 3,080 9107 14,35 0006 . 003
LEAST SQUARES FIT FOR 1/R DATA FUNCTION TYPE F(3) ) JJ
‘ A
COEFFICIENTS FOR FITTING FUNCTION Te4T0E=0] 5.937E~02 1.021E=01 i
FRACTIONAL ERRQORS IN COEFFICIENTS . 4.325E=02 3.517E=02 2.179€=01
INTERCEPY «7647 FRACTIONAL ERROR ,043 ° 2ERD P, LIFETIME 59.18 MICRO SEC
HePe SLOPE ,L,059 MTORRe} FRACTIONAL ERROR ,035 HeP, Q CONSTANT 4,12 E-11 CC/MOLEC SEC
Q RATIO «079 MTORRel FRACTIONAL ERROR ,042 . QUENCH PRESSURE 12,58 MTORR

VARIANCE RATIO COMPARED TN LINEAR FITs 36,9 FOR ( 1o 9) DEGREES FREEDOM

- T YD TP D O O S R D TP D S e P S D D O e D N e R S R e P R R S G P D e D P D e D D R T D A8 U B W R D 4t O A D T S

ILEAST SQUARES FIT FOR 1/1 DATA T FUNCTION TYPE F(3)
- COEFFICIENTS FOR FITTING FUNCTION 2.084E+03 1.646E+02 4e420E-02
FRACTIONAL ERRORS IN COEFFICIENTS : S5.3006=02 6. T19E=02 54557E=01
INTERCEPT 2086 FRACTIONAL ERROR ,053 _ ‘
HePs SLOPE 165 MTORRw=] FRACTIONAL ERROR 4067 .
0 RATIO «079 MTORR=] FRACTIONAL ERROR ,063 QUENCH -PRESSURE 12466 MTORR

VARIANCE RATJO COMPARED TO LINEAR FIT, 347 FOR ( 1y 9) DEGREES FREEDOM

XBL 688-5761



EXCITATION WAVELENGTH 4000 A OBSERVATION FILTER NOos 16 (13320 CM=1) 11 DATA POINTS

PRESSURE S10) S(=90) . F(0) E(=90) 1/R 171 LIFETIME E(R) - EtD
M TORR ) MICROSEC
1409 20668 34976 029 «030° «591 1252 74,82 N2 067 -
1.586 17864 26984 067 0042 662 1706 66,78 +079 <064
3.77 2099¢ 26896 o017 «016 « 181 1803 56,63 « 023 « 020
4,78 18”365 23717 019 « 015 . 774 . 2061 S7.,09 «N24 «019
10.720 14028 1917¢ o012 ) e 004 +836& 2566 52,90 «013 . 2005
10.20 16103 19520 «0n3 012 «825 2515 53,59 012 014
15.n6 - 17778 17640 « 007 «011 1.008 2834 643,87 «0N13 011
30,30 20459 10674 «GNS + 008 1.917 3862 23,07 « 009 « 006
4R, 10 13317 4637 008 o016 2872 6697 15,39 0018 « 007 1
4B,10 13958 4985 « 005 011 2.800 6354 15.79 o012 « 005 E;
LFAST SQUARES FIT FOR 1/R DATA FUNCTION TYPE F(3) ?D
COEFFICIENTS FOR FITTING FUNCTION 7+570E~01 S«513E~02 1,488E=01
FRACTIONAL FRPORS IN COEFFICIENTS 1+4649E=0) 64400E-02 4e665E-0)
INTERCEPT «757 FPACTIONAL ERROR ,145 ZERO P, LIFETIME &8,40 MICRO SEC
HePy SLOPE ,0S5 MTORR=} : FRACTIONAL FRROR .064 © HePs Q CONSTANT 3,83 E~11 CC/MOLEC SEC
0 RATIO 073 MTORR=} FRACTIONAL ERROR .13} QUENCH PRESSURE 13.73 MTORR

VARIANCE RATIO COMPARED TO LINEAR F1T, 14,4 FOR ( 14 8) DEGREES. FREEDOM

L L L L T Ly sy ey Y T T P T R PR P R LY Y Y LI L L T P L LY L L L L L L LD LY LY

LEAST SODUARFS FIT FOR 1/1 DATA FUNCTION TYPE F (1)
COEFFICIENTS FOR FITTING FUNCTYION 10444E+03 " 94770E+01
FRACTIONAL FRRORS IN COEFFICIENTS 6e4NOE=02 Te916E=02
INTERCEPTY 14644 FRACTIONAL ERROR ,066

HePes SLOPE 98 MTORR=] FRACTIONAL FRROR ,079

0 RATIO « 068 MTORR=] FRACTIONAL ERROR 4128 QUENCH PRESSURF 14,78 MTORR

XBL 688-5762



FXCITATION HAVFLENGYH'ﬁooo A ORSERVATION FIL*ED NOe 1S (12480 CM=]) 12 DATA POINTS

PRESSURE S(0) S(=90) E(n) E(=90) 1/R /1 LIFETIME E(R) E(1)
M TORR : . MICROSEC
1.06 23464 29897 0117 +09R « 785 1624 56,33 0153 . el2é
1.54 16450 23668 IS RA] 0112 # 695 1980 63,61 204 162
1.59 12250 26299 «0RS «ll0 2466 1458 94,91 - 139 +189
3.77 1SR7R 25613 111 047 625 1768 70.76 121 «083 °
4,78 18087 264224 066 +042 o747 1979 59,21 <078 «057
10.70 15194 20246 2022 v 031 «750 2371 58,91 »038 0 040
10,20 16062 19732 " 4028 0015 814 2481 54,31 032 . +019
15.06 16542 18572 2019 - 010 2891 2674 49,64 .02} +011
30,30 18517 10926 2006 017 1.69% 4006 26,09 +N18 009
30,30 14213 10229 «010 +008 1,781 4174 24,483 2013 2006
4Re10 13415 5004 « 006 016 2.68} 6544 16449 0017 » 006
4R,)0 1283n 4936 «010 0025 20599 6789 17.01 027 <010 ﬁq
LEAST SAUARES FIT FOP 1/R DATA FUNCTION TYPE F(3) ' Eﬁ
: 1
COEFFICIFNTS FOR FITTING FUNCTION Te176E=0) S,327E=02 2.225E=01
FRACTIONAL ERROWS IN COEFFICIENTS 2+4767E=01 3.5B4E=02 Se790E=01)
INTERCEPT 718 FRACTIONAL ERROR ,277 ZERO P, LIFETIME 61,61 MICRO SEC
HePys SLOPE ,053 MTORR=] FRACTIONAL ERROR L0036 HePe O CONSTANT 3.70 E=~11 CC/MOLEC SEC
QO RATIOD «076 MTORR=] " FHACTIONAL ERROR ,265 - GUENCH PRESSURE 13447 MTORR -

VARIANCE WATIO COMPARED TO LINEAR FIT, 11,4 FOH ¢ 1e 9) DEGREES FREEDOM

‘---‘---—----.-------------o-----------------------------‘-----‘--------------Q-----------‘-Q-—---—---‘-----—---

LEAST SQUARES FIT FOR 1/1 DATA < FUNCTION TYPE F(3)

COEFFICIFNTS FOR FITTING FUNCTION 1.667E+03 1215E¢02 Se246E-02

FRACTTIONAL FRROURS IN COEFFICIENTS 1.040F=0] S 065E=02 Se186E-01

INTERCEPT 1667 FRACTIONAL ‘ERROR ,104

HeP, SLOPE 121 MTORR=} FRACTIONAL ERROR 4051 ' ) ’
0 RATIO .073 MTOPR=] FRACTIONAL ERROR ,090 QUENCH PRESSURE 13.72 MTORR

| VARIANCE RATIO COMPARED TO LINEAR.FITo 5.6 FOR ( 1y 9) DEGRFES FREEDOM

XBL 688-5763



EXCITATION WAVELENGTH 4300 A OBSERVATION FILYER NOe 2 (22170 CM=1) 17 DATA POINTS

- D D O D D O e D s 8 P D W T D TP D e D S R e D A B D D D R B e D S P D S P P S WS O s e P 00 6D T W e e e B S A G 0 e O D W B

PRESSURE S(0) S(=90) €(0) E(=90) 1/R 1/1  LIFETIME E(R) (D
M TORR , MICROSEC
067 20532 36997 0100 «019 +555 1147 79.66 0102 « 060
1.01 3063 38150 o016 on26 «798 1278 55,42 «028 «029
1.01 24379 35002 2065 +007 «697 1340 63,47 2046 o 4018
1411 29288 33847 «030 «01) «865 © 1462 51,09 . .032 «013
2436 31355 29726 «014 +006 1,055 1680 41,91 «015 2006 -
2.36 29213 28322 «011 «001 1,031 1765 42,86 «011 #001
3449 27145 22279 «007 «009 1.218 2201 36,28 +011 «007
S.26 25539 16880 +005 + 005 1,513 2125 29.22 0007 004
5.26 26184 16314 «00S «011 1.605 2751 27.55 o012 «007
10,20 2037a . 8071 «006 «017 2.525 4262 17,51 +018 «006
10.20 19695 8092 «006 +005 2.434 4344 18,16 «008 +005
16,80 15266 4235 0002 e016 3,605 6082 12,26 16 «003
16,80 1538n 4325 «001 0016 3,556 6025 12,43 «016 0002
29400 - 8181 1412 006 «037 5.794 11870 7.63 . »037 004 1
29,00 8090 1458 013 014 5,549 11972 7,97 019 012 oY
41,30 5569 636 $001 «039 B.756 17725 5,05 «039 2001 =
41.30 5734 696 «007 2029 8.239 17187 Se37 +030 2007 1
LEAST SQUARES FIT FOR 1/R DATA FUNCTION TYPE F (1)
COEFFICIENTS FOR FITTING FUNCTION S+998E=01 1.810E=01
FRACTIONAL ERRORS IN COEFFICIENTS 3.,031€E=02 2.518E=02
INTERCEPT  ,600 FRACTIONAL ERROR ,030 2ERO P, LIFETIME 73,71 MICRO SEC
HePo SLOPE ,181 MTORR=] © FRACTIONAL ERROR 4025 HePs O CONSTANT 12.57 E=-11 CC/MOLEC SEC
0 RATIO +302 MTORR=] FRACTIONAL ERROR ,052 QUENCH PRESSURE - 3.3) MTORR
LEAST SQUARES FIT FOR 1/1 DaTa . FUNCTION TYPE F(3)
COEFFICIENTS FOR FITTING FUNCTION 1.079E+03 3,839E402 1.287€=-01
FRACTIONAL ERRORS IN COEFFICIENTS . 9.183E~-02 3,322E~02 6+073E=01
INTERCEPT 1079 FRACTIONAL ERROR ,092
HeP, SLOPE  3R4 MTORR=} FRACTIONAL ERROR ,033 _
6 RATIO 2356 MTORR=] FRACTIONAL ERROR ,083 QUENCH PRESSURE 2481 MTORR

VARIANCE RATIO COMPARED TO LINEAR FIT, 641 FOR ( 1914) DEGREES FREEDOOM

_XBL 688-5764



EXCITATION WAVELENGTH 4300 A OBSERVATION FILTER NO, & (20790 CM=1) 18 DATA POINTS

P R D A TR e A P D Y 0 gy T D S b @ 4 o P e D 5 D e R R e W T S O R D P D M TR O D O R R D e R T D O D D R D U OB S A T Dk e e P R D B T e W o e

PRESSURE . S(0) S(=90} E00) E{(=90) 1/R 171  LIFETIME E(R) £
M TORR - o MICROSEC '
045 - 49370 71316 + 029 0002 T .692 656 63,86 029 0011
Y 39578 744861 « 040 0010 +531 556 83,20 0041 0027
1.00 57585 17775 «016 «005 740 615 59,71 « 017 «008
1.01 57837 83301 o0le «010 0694 562 63,68 $017 0014
1.11 57684 79537 o016 «004 . 725 598 60,96 _«016 2007
2.36 63847 71360 +006 0002 +895 696 49,41 « 006 0002 -
2.36 6199¢ 65185 « 005 « 005 «951 766 46,48 0007 +00S
3.49 61188 58095 « 006 - «003 1,053 860 41,97 «00S +003
3,49 60729 58675 « 004 0003 1,035 852 42,71 «005 2 003"
5.26 59951 46795 «003 ¢ 005 1.281 1037 34,51 «006 + 004
10420 52633 26499 Ne «003 1.986 1516 22426 ¢ 003 0001
10,20 52979 27388 «001 «003 1,934 1489 22,85 «003 «001
16,80 40287 14174 002 2003 2.8642 2209 15.55 . 2006 « 002
16,80 460542 14163 Ne «006 2.863 2198 15,64 +006 «001
29400 24999 - 5347 2003 0006 4,675 3825 9446 . «007 «003 1
29.00 25010 5427 +003 +009 4,608 - 3819 9.59 0009 2003 =
41430 17510 2860 0002 «015 6,122 5563 T.22 «015 0002 U
41430 17579 28)0 0002 «013 6,256 5547 7.07 «013 «002 t
LEAST SQUARES FIT FOR 1/R DATA FUNCTION TYPE F())
COEFFICIENTS FOR FITTING FUNCTION 5.752E=01 1.366E=01
FRACTIONAL ERRORS IN COEFFICIENTS 24263E-02 2.507€-02 , .
INTERCEPT  ,§75 N . FRACTIONAL ERROR ,023 ZERO P, LIFETIME 76486 MICRO SEC
HePo SLOPE ,137 MTORR=} FRACTIONAL ERROR ,025 HePs G CONSTANT . 9,49 E=11 CC/MOLEC SEC
" Q RATIO +238 MTORR=] FRACTIONAL ERROR 044 QUENCH PRESSURE  4.,2) MTORR
LEAST SQUARES FIT FOR 1/1 DATA © FUNCTION TYPE F(3) '
COEFFICIENTS FOR FITTING FUNCTION Se4B2E*02 1.270E+02 14260E=01
FRACTIONAL FRRORS IN COEFFICIENTS 447B1E~02 24687E=02 34334E=-0]
INTERCEPTY S48 FRACTIONAL ERROR ,04R o _
HePe SLOPE 127 MTORR=]} FRACTIONAL ERROR ,027
0 RATTO «232 MTORR=] FRACTIONAL ERROR ,045 QUENCH PRESSURE  4.32 MTORR

VARIANCE RATIO COMPARED TO LINEAR FITe 1440 FOR { 1415) DEGREES FREEDOM

XBL 688-5765



FXCITATION WAVELENGTH 4300 A

PRESSUKE S(n) S{=90) E(n) FE{=90)
M TORR
68 90477 117722 «N23 «010
b7 B4R4s 111266 o011 « 006
l.00 101639 127478 « 002 «010
l.00 87965 106564 « 009 008
l1e01 92847 112505 «00S «003
el 103398 121805 «002 «006
2436 - 922413 94349 « 003 «001
2436 ‘100112 102099 o002 « 003
3449 88494 80468 «004& « 004
3.49 99270 89140 N3 0002
S.26 93918 T25R4 ) 002 « 005
S.26 BR36R 6468]) «003 « 004
10,20 ~T7831& 40692 « 002 « 002
10.720 T795R 41672 002 + 004
16,80 6042R 21937 « 002 «003
16,80 5G94RA 21243 ofin] 2006
29.00 36384 8365 n02 «003
29.00 36764 8654 o] «008
41,30 26250 4481 . «003. ’ +0OR
41.30 26524 4507 o602 e 002

OHSERVATION FILTER NOe 6

(19960 CM=1)

ETIME
ROSEC
57.52
57.98
55,45
53.56
53,57
52.08
45,22
45,09
40,20
39.70
36,17
33.11
22,97
23,63
16,05
15.79

10,16

10,41
754
751

20 DATA POINTS

- = TS D - T O R R P e - = - - - G T S e P T e P D e D P D

E (R}

+025

+013

+010
«010
« 006
+ 006
+003
»004
« 006
«004
«005
+005
003
« 006
« 0064
«006
« 004
«008
«009
«003

F(I

«016
008
«012
« 006
« 004
«007
«001}

«003 .

« 004
«002
« 004
«003
«001}
«003
0002
«002
«002
«001
«003
«002

CL L L DL I L P L LS L P P P YT Y P LY T R L T ey e L e P L L P E P P D A R L L L L P P L PR T P P Y T P L L L Ty 2]

LEAST SQUARES FIT FOR 1/R NATA

COEFFICIFNTS FOR FfTTING FUNCYION S Tel)1E-01
FRACTIONAL FRRORS N COEFFICIENTS " R.B39F=03

INTERCEPT .71 FRACTIONAL ERROR ,009

HePs SLOPE 4137 MTORR~1 FRACTIONAL ERROR ,020
Q RATIO ¢192 MTORRe] -~ FPACTIONAL ERROR ,017

FUNCTION TYPE F(3I)

1/R 171 LIF
MIC
769 410
« 763 433
« 197 382
« 825 461
«82% 436
« 849 40%
«978 530
« 981 490
1.100 61%
1.116 558
1.294 667
1.335 742
1,925 1005
1.871 998
2.715% 1462
2.800 1491
6,350 26lo0
4,248 2577
S.860 3700
S.BBS 3664
1.369€E=01 3.735€E=-0
1.692E=02 24201E=0

ZERO P, LIFETIME 62,17 MICRO SEC
. HePs @ CONSTANT

QUENCH PRESSURE

VARIANCE RATIO COMPARED TO LINEAR FITy 11,9 FOR ( 1417) DEGRFES FREEDOM

LEAST SQUARES FIY FOR 1/1 DATA

COEFFJCIFNTS FOR FITTING FUNCTION 3.873F*02
FRACTIONAL FRRORS IN COEFFICIENTS 4 600E=02

FRACTIONAL ERRPOR ,046
FRACTIONAL ERPOR ,029
FRACTIONAL ERROR 044

INTERCEPT 387
HeP, SLOPE 85 MTORRe]
Q RATIO «219 MTORRe}

FUNCTION TYPE F(3)

Be.468E+0) 1.220E=10
2.947E=02 3.313€=-0

QUENCH PRESSURF

VBRIANCE RATIO COMPARED TO LINEAR FITe 14,2 FOR ( 1417) DEGREES.FREEDQM

2
1

9.51 E=-11 CC/MOLEC SEC
5.20 MTORR

1
1

4.57 MTORR

XBL 688-5766



EXCITATION wAVELENGTH 6300 A OHSERVATION FILTER NOs 7 (19350 CM=1) 16 DATA POINTS

- T gy O A8 TR G SR e D D e e P G T R D T e W P R D e W A T S D S B e e R S B YD D e G v SR A S s e D P G W e R T TR -

PRESSURE $(0) S(=90) E(N) E(=90) 1/R 171 LIFETIME E(R) £t
M TORR ] : MICROSEC
Y-S 85293 118901 el «006 oTY7 398 61,63 +013 2009
va? 85032 1237446 . 002 . «003 +687 377 £4,36 « 004 2004
1.n0 82437 109833 009 0006 .751 437 58,91 «010 <006
1ol H4sHO 112984 «003 <003 . 748 426 £9,13 e 004 2004
2.36 83994 101751 «005 2006 825 482 53,56 +006 .00
2436 85797 102557 « 001 « 004 «837 480 52.8% «006 ~  ,L,00%
3.49 86961 91614 « 004 « 004 .949 . 848 46,58 »006 006
5.26 88034 79316 o603 «006 le110 627 39,83 2007 «005
10,20 85262 51506 o0 e008 1,655 - 859 26,71 2004 0002
10,20 81964 50356 002 «004 1.628 886 27.16 « 006 «002
16480 66159 271291 <003 4004 2.424 1292 18,24 » 005 «002
16.R0 65045 28029 002 $003 24321 1297 19,05 004 «002
29.00 42326 11278 a, <003 3,754 2206 11,78 <003 «000
29,00 43994 11477 602 0006 3,833 2128 11.53 -~ 2004 2002
4130 31239 5961 « 002 «009 5,241 . 3089 Bobb _ «009 £ 002
61430 31319 5936 2001 0006 5,278 3082 8,38 «006 «001 L
LEAST SRUARES FIT FOR 1/R DATA FUNCTION TYPE F(3) . 2
: )
COEFFICIENTS FOK FITTING FUNCTION 6e701E=01 1.258E=-0} 9.495E=02
FRACTIONAL FRRORS IN COEFFICIENTS T 1.29BE=02 1,427E=02 1.216E=01
INTERCEPT  ,670 . -FRACTIONAL ERROR o013 ZERO P, LIFETIMF 65,98 MICRO SEC .
HePs SLOPE ,126 MTORR=] FRAFTIONAL FRROK (014 HePe Q CONSTANT  BuT74 E~11 CC/MOLEC SEC
Q RATYO »18R MTURR=1 FHACTIONAL ERROR 4016 QUENCH PRESSURE  5.33 MTORR

VARIANCF RATIO CUMPARED TO LINEAR FIT, 62,9 FOR ( 1413) DEGREES FREEDOM

D s D T e A D D B D gy D D D s e YD D e P 4 TV D D P D TP D R e WD S A D Y D TR R e S s e S TR D W e D D P W Y e B P G AP D D P A D D s A D e A D D T D D D A S e T e D D G e e U S o

LEAST SQUARES FIT FOrR 1/1 DATA N FUNCTION TYPE F(3)

COEFFICIFNTS FOR FITTING FUNCTION 3+.B36E¢02 T+063E+0] 1.039€«01" ;
FRACTIONAL FRRORS IN COEFFICIENTS 2+655¢=02 1.RA50E=02 2,088E=01 '
CINTERCEPT 184 : FHACTIONAL ERROKH ,027 s

HePo SLOPFE 71 MTORR=] FRACTIONAL ERROR .018 ‘ : ‘

0 RATIO +1R4 MTORR=] : FRACTIONAL ERROR 4026 QUENCH PRESSURE ~ 5.43 MTORR -

VARTANCE RATJO COMPARED TO LIMFAR FITe 3649 FOR ( 1413) DEGRFES FREEDOM

XBL 688-5767



EXCITATION WAVELENGTH 4300 A

PRESSURE S(0) S(=90)
M TORR )
45 66679 99986
&7 - 75469 114762
07 71500 107819
l.00 80332 118983
1.11 79542 114953
2436 83991 107805
2436 82787 107943
3,49 85969 98270
3.49 90612 105005
S.?76 886493 86237
S.26 90269 86642
10,20 88487 SBR04
10,20 87248 58304
16.80 75074 34031
16,80 71824 32613
29400 4B& 4K 13959
29.00 49010 13836
41,30 3517+ 7469
41,30 35633 7525

ETIME
ROSEC
66,29
67.23
66,67
65,48
63.89
56474
57.64
S0,54
51,23
43,08
42,43
29.38

29.54

20,04
19,95
12,74
12,48
9439
9.34

19 DATA POINTS

E(R)

«010
«008
019
«008
« 004
« 006
2008
« 004
« 006

+006 .

«002
2004
0002
002
0004
2004
2004
« 011
0007

€l

+009
«007
«010
«008
+003
+ 005
+008
«003
«004
+006
«002
002
001
«001
002
«001
#0012
«001
«001

LI L L L LI LT P e P P P PP PP P L P P Y PR T LY PR Y L R P P L AL L B D D L LD A Db L Ll L LA L L Ll LR L Ll b DL )

LEAST SQUARES FIT FOR 1/R DATA

COEFFICIENTS FOR FITTING FUNCTION
FRACTIONAL FRRORS IN COEFFICIENTS

INTERCEPY « 654
Hop. SLOFE 0106 MTORR'I
Q@ RATIO «162 MTORR=]

FRACTIONAL ERROR
FRACTIONAL ERROR ,016
FRACTIONAL ERROR ,028

OBSERVATION FILTER NOe 8 (18950 CM=1)

E(0) E(=90) 1/R 171 LIF

MIcC
+008 2006 « 667 462
« 006 «005 «658 400
«018 2008 «663 427
« C0S « 006 «675 3%0
«003 0002 0692 407
004 0004 o779 450
+ 005 « 006 o767 447
« 003 «003 «875 S04
« 005 «003 «B863 471
N02 « 006 1.026 580
2001 « 002 1.042 877
« 001 « 004 1,508 784
« 002 « 001 1,496 792
.002 0o 20206 1105
« 003 «003 2.216 1157
«001 0004 3.471 1906
« 001 + 004 3,542 1890
« 001} 011 4,710 2720
o001 «007 4,735 2687

FUNCTION TYPE F(4)
64536E-01 2.585E~01 4,184E~0
. 1eS64E=02 2e344E=0) 24986E=0

«016°

ZERO P, LIFETIME 67,64 MICRO SEC

HePo Q@ CONSTANT
QUENCH PRESSURE

VARIANCE RATIO COMPARED VO LINEAR F1Ts 144.5 FOR { 2+15) DEGREES FREEDOM

- " T e T D D D D D W o S T e D g R A o P D T D P e G 6 S0 D T D D e O W e S CIE G D G T S I A D A P e W D O PR T T D D W e D oy W DD e

LEAST SQUARES FIT FOrR 1/1 DATA

COEFFICIENTS FOR FITTING FUNCTION
FRACTIONAL ERRORS IN COEFFICIENTS

INTERCEPT 416
HeP. SLOPE 63 MTORRe]
«152 MTORRe}

0 RATIO

FUNCTION TYPE F(3)

4e¢144E%02
3.166E~02

FRACTIONAL ERROR ,032
FRACTIONAL ERROR ,021
FRACTIONAL ERROR

032

6+279E+0]
2.073E~02

1.610E=0
1,703E=0

QUENCH PRESSURE

VARIANCE RATIO COMPARED TO LINEAR FIT, 56,3 FOR ( 1+16) DEGREES FREEDOM

2
1

3.959E~-01
3.111E=-01

T+34 E=11 CC/MOLEC SEC
6.18 MTORR

1
1

6+60 MTORR

XBL 688-3768



EXCITATION WAVELENGTH 4300 A OBSERVATION FILTER NOe 9 (17880 CM=1) 18 DATA POINTS

PRESSURE ) S0y St{=90) E(0) £(=90) 1/R 171 LIFETIME E(R) E(I)
M TORR . - ) MICROSEC ’
+45 - 8208 126969 o015 0004 0646 359 68,439 o016 : +008
o467 91175 - 138479 «011 . «009 - +658 332 67.18 . 014 013
1.00 - 9177y . 134675 «016 «011 681 346 64,88 019 : «016
l.00 95823 136746 «012 «007 «701 344 63,09 «014 «010
1e11 98942 139434 « 002 0006 aT10 338 62,30 «0046 2005
2436 96425 126258 «G03 - 0001 o 764 382 57.89 «003 001
2.36 96966 128364 « 006 004 « 155 375 58,52 006 «005
3.49 97556 117465 « 003 ¢ 001 «B31 418 53,23 «003 001
3.49 95828 113258 «003 « 002 + 846 ) 435 52425 2004 002
S.26 102478 110651 « 002 +003 2926 451 47,74 « 004 +003
10.20 105465 79029 © w002 «001 1,335 607 33,13 2002 001
10,20 106301 79838 «001 o002 1,331 601 33,20 0002 «001 .
16,80 88985 46489 T W002 «002 1.914 883 23,10 +003 001
16,80 89937 48129 o001 Oe " 1.869 864 23,66 «001 +001
29.00 62161 19719 «001 002 3.152 1462 14,02 « 002 «001
29.00 62701 20236 0N} « 002 3,098 1644 14,27 2002 0001
41430 45269 11086 «002 «008 4,083 2084 10,83 T .008 002
41430 45562 10554 «001 «007 4,317 2083 10,24 . 007 «001
LEAST SQUARES FIT FOR-1/R DATA . FUNCTION TYPE F(3)
COEFFICIENTS FOR FITTING FUNCTION 6¢469E=01 9¢895E=02 9.716E=02
FRACTIONAL ERROKS IN COEFFICIENTS ) 1.376E=~02 1,397E=02 1.074E=01
INTERCEPT e 647 FRACTIONAL ERROR L0164 ZERO P, LIFETIME 68.34 MICRO SEC
HePo SLOPE ,099 MTORRe} . FRACTIONAL ERROR 4014 HePe @ CONSTANT 6487 E~}1 CC/MOLEC SEC -

Q@ RATIO «153 MTORR=] FRACTIONAL ERROR ,015 QUENCH PRESSURE 6+.54 MTORR
VARIANCE RATIO COMPARED TO LINEAR FIT, 67,6 FOR ( 1415) DEGREES FREEDOM N

D D D D R D e TR G5 W s A D e e S D Y O W P S S S G S D AR D D WD 0 D T D P e D A D I O S S S T S S D 08 Y O D W % D e e e VP R S D D D P e T W D S5 TR e

LEAST SQUARES FIT FOR 1/1 DATA FUNCTION TYPE F(3)

COEFFICIENTS FOR FITTING FUNCTION 3+397€402 4¢710E+0] 1.234E-01

FRACTIONAL ERRU<S IN COEFFICIENTS 20906E=02 2.098E=02 14841E~01

INTERCEPT 340 FRACTIONAL ERROR ,029 ’

HePos SLOPE 47 MTORR=] FRACTIONAL ERROR ,021

0 RATIO +139 MTORR=] FRACTIONAL ERROR ,028 QUENCH PRESSURE  7.2)1 MTORR

VARIANCE RATIO COMPARED TO LINEAR FITy, 515 FOR ( 1+15) DEGREES FREEDOM

XBL 688-5769

-69Th




18 DATA POINTS

FXCITATION WAVELENGTH 6300 A OHSERVATION FILTER NOs 10 (16960 CM=1)
PRE SSURE S¢0) S{=90) E(0) E(=90) 1/R 171 LIFETIME E(R)
M TORR ‘ MICROSEC
Y 98854 148408 «013 + 008 o666 311 66437 014
b7 99157 1452R0 018 +00R 683 320 64,77 020
1le00 - -~ 109608 151863 NG «006 o722 312 61,25 « 007
lan] 1250”5 178205 «N03 « 001 « 702 264 62.98 «+ 003
1.11 11313> 163910 « 004 «N06 e 690 285 664,05 007
2.36 112407 " 148R98 «004 «001 + 755 323 58,56 004
2.36 109139 146777 o002 0003 o TG4 326 59,46 2006
3.49 114874 1643365 004 «001 «801 340 55,17 2006
S.26  10925%%y - 126623 001 « 004 863 391 51.24 006
10.20 123254 103094 NG Oe 1.196 477 36.98 «004
1020 119074 101010 «003 «002 1.179 488 37.50 0064
16,80 107095 63173 001 0003 1,695 693 26,08 «003
1f.80 106611 62965 001 +003 16693 695 26411 2003
29.00 79243 29289 001 0002 24706 1110 1634 002
29.00 79854 29192 Ne 2002 24735 1105 1616 0002
29.00 B270R 30087 002 «003 2749 1068 16.08 o004
41430 60299 16335 002 004 3.691 1565 11.98 004
41,30 61299 16524 «002 «003 3.710 1521 11.92 0004
LEAST SQUARES FIT FOR 1/R DATA FUNCTION TYPE F(3)
COEFFICIFNTS FOR FITTING FUNCTION 6.835E=0) 8.730E=02 1.182€E=0]
FRACTIONAL ERRORS IN COEFFICIENTS 1¢366E=02 14199E=02 9,001E«02
INTERCEPT 683 FRACTIONAL ERROR ,014 ZERD P, LIFETIME 64068 MICRO SEC
HePe SLOPE o087 MTORKe] ;- FRACTIONAL ERROR 4012 HePe Q CONSTANT 6.06 E~11 CC/MOLEC SEC
Q RATIO 128 MTORRe) " FRACTIONAL ERROR ,013 QUENCH PRESSURE T+.83 MTORR
VARIAMCE WATIO COMPARED TO LINEAR FIT, 179,1 FOR ( 1+15) DEGREES FREEDOM
LEAST SQUARES FIT FOP 1/1 DATA FUNCTION TYPE F(3) '
COEFFICIFENTS FOR FITTING FUNCTTON 2.955F¢02 3.542€E+01 1.155€E-01
FRACTIONAL ERRORS IN COEFFICIENTS . 3.737F=02 2¢T14E=02 24462€E=»01
INTERCEPT 296 FRACTIONAL FRROR ,037
HePo SLOPE 35 MTORRel FRACTIONAL ERROR ,027 o
Q RATTO «120 MTORR=} FRACTIONAL ERROR ,036 : QUENC 8434 MTORR

VARIANCF RATIO COMPARED TO LINEAR FI1T, 2640 FOR ( 1¢15) DEGREES FREEDOM

H PRESSURE

XBL 688-5770

~0LT~



EXCITATION WAVFLENGTH 4300 A

PRESSHRE Sto) S(=~90)
M TORW
3 8679R 135359
47 B1BnNg 130399
1«00 88412 132%90
1e00 93394 145%59
111 94098 146309
2e36 - 8RASn 134672
2e 36 88937 " 136925
3.49 92082 135072
5.26 100460 135428
10,20 112027 109795
10,70 111263 109408
16.R0 107166 T1R72
16eRN 10352y 7086}
29.00 8o11lr 34406
29400 82R4n 35139
41430 61977 19402
416430 61744 19808

OHSERVATIOM FILTER NOe 11 (158
[ F(=90) /R
o 1R «00R o64)
«012 «007 627
«eN16 + 009 o667
«0NB + 010 o642
« 005 «003 o643
« 005 « 002 « 660
006 « 004 o650
«NN6 «00S «682
+0C1 « 005 o T42
002 « 002 1.020
« 004 ) 0002 1.0’7
«0iN}] 2004 1,491
02 «003 14468
N} e 008 2329
«N03 006 24357
002 «004 3.162
o001 « 004 3.117

INTS

- o = = > - D e e TP D o O 4 e P Y R 4D D T D €D D R o S 9 D W WA O s @ R T D A O e O e O o T e -

LEAST SQUARES FI1T FOR 1/R DATA

COEFFICIENTS FOR FITTING FUNCTION
FRACTIONAL ERRORS IN COEFFICIENTS

INTERCEPT  ,65S
HePs SLOPE  ,076 MTORRe]
® RATIO <116 MTORR=1

VARIANCE RATIN COMPARED T0 LINFAR

R LD L e L L R L Y L R Y P L P e e P P e L L L L L P L L L L LI I L DL L I L L LA L L L P2

LEAST SGUARES FIT FOR 1/1 DATA

COEFFICIKNTS FOR FITTING FUNCYION
FRACTIONAL FRHOKS IN COEFFICIENTS

INTERCEPY 348
H.P, SLOPE 34 MTORRw]
N RATIO ¢ 097 MTORRe]

VARTANCE RATIO COMPARED TO LINEAR

FUNCTION TYPE F(3)

Te615E=02
len27E=~02

6.552¢=01
1«4606F=02

FRACTIONAL ERROR 4015
FRACTIONAL ERROR ,010 HoPs
FRACTIONAL ERROR o014
“F1Ts 31544 FOR ( 1914) NEGRFES FREFDOM
FUNCTION TYPE F(3)

3.379E+01
1, 778F=0?

3.4R3F*02
2.678E=02

FRACTIONAL ERROR o027
FRACTIONAL ERROR 4018
FRACTIONAL ERROR 4026

FITy 13442 FOR ( 1414) NEGREES FREENOM

50 CMel) 17 DATA PO
171 LIFETIME E(R)
M]CROSEC
336 68,94 020
345 70,647 0014
348 66,30 . 018
312 68,90 +013
311 68,74 «N0O6
341 66,93 «005
334 68,06 006
345 64,85 + 008
353 $9,60 + 005
458 43,33 2« 003 .
457 43,47 « 006
644 29,65 « 006
660 3n.13 « 006
1054 18,99 + 005
1023 18,75 007
1467 13,98 004
1468 144,18 2004
1.625E=01
Te346E-02

G CONSTANT

QUENCH PRESSURE

ZERO P, LIFETIME 6£7.48 MICRO SEC

$¢29 E=1] CC/MO
8e60 MTURR

1.764E=01)
1,285€=-01

QUENCH PRESSURE

1031 MTORR

LEC SEC

XBL 688-5771 _

~TLT-



EXCITATION WAVELENGTH 4300 A

PRESSURE S(0) S(=50) E(0) E(=90)
M TORR
.47 71934 117030 +010 +006
47 70414 118715 o012 e 004
1.00 79634 123873 « 005 «013
1.01 82918 133785 «008 0007
2.36 78711 121839 « 002 «002 -
236 B062R . 127659 007 +002
3449 84410 126920 « 005 «002
5,26 81322 114480 « 004 +003
10.20 104166 113873 . 002 002
10620 10169R 1113864 «003 <003
16480 93108 71766 «001 «001
16,R0 95400 72304 003 0o
29.00 81757 37689 $ 002 <006
29.00 80229 37483 «0N2 «004
41.30 6172n 21092 002 0006
414,30 63006 21532 0o 002

LEAST SQUARES FIT FOR 1/R DATA FUNCTION TYPE F(3J)

COEFFICIENTS FOR FITTING FUNCTION 6.320E=01
FRACTIONAL FRRORS IN COEFFICIENTS 2.222E=02

FRACTIONAL ERROR ,022
FRACTIONAL ERROR ,017
FRACTIONAL ERROR ,022

INTERCEPTY 0632
HePo SLOPE 068 MTORR=}
Q@ RATIO «107 MTORRe]

OBSERVATION FILTER NO. 12

(15130 CM=1)

1/R 171 LIF
MIC
615 381
«593 370
«643 367
620 335
0646 374
632 - 354
«665 1363
«Tl0 612
«915 437
«913 447
1.297 674
1.319 666
24169 1009
24140 1023
2.926 1451
24926 1421
647T4E=02 1.493E=0
1,669E=02 1e149E=0

ZERO P, LIFETIME 69,95 MICRO SEC

HePos Q CONSTANT
QUENCH PRESSURE

VARTANCE RATIO COM#?PED TO LINEAR FITy 1636 FOR ( 1y13) DEGREES FREEDOM

D L T D R R D D s O T D P A R W gy T D D AP D O 0 T D o Dk R S e B P W S A T s S P SR g A W e I S R e 5w e W D G TP O G5 R R AP D TP 65 WP v s T S n P S 4R 4 R s D n D R A T D W e 4D G G R T SR R D e W AR O

LEAST SOUARES FIT FOR 1/1 DATA N FUNCTICON TYPE F(3)
COEFFICTENTS FOR FITTING FUNCTION v 3.838E+02
FRACTIONAL ERRORS IN COEFFICIENTS 3.,934E=02

FRACTIONAL ERROR 4039
FRACTIONAL ERROR ,027
FRACTIONAL ERROR ,038

INTERCEPT 384
HePs SLOPE 33 MTOPR=]
0 RATIO <086 MTORRe]

3+.283E+01 1.654E=0

24739E~

02 1.B848E=0

ETIME
ROSEC
71.93
T4,56
68,77
71433
68,43
70,00
66,47

YY1

48,34
48,42
34,08
33.51
20,38
20.65
15,11
15,11

1
1

16 DATA POINTS

E(R)

o012
o013
0014
-e01}
«003
0007
005
«005
«003
«004
«001
«003
« 006
« 004
0006
» 002

e

«010
.003
2019
«011
«003
« 004

«003 |

<004
«002
«003
«001
2001}
002
002
«002
»000

4470 E-11 CC/MOLEC SEC
9,33 MTORR

1
1

QUENCH PRESSURE 11.69 MTORR

VARIANCE RATIO COMPARED TO LINEAR FITe 65.1 FOR ( 1413) DEGREES FREEDOM

XBL 688-5772



EXCITATION WAVELENGTH 4300 A OBSERVATION FILTER NOo 13 (14270 CH=1) 18 DATA POIN}S

- 05 O R e L e T e e O o R 0D 7 D P 40 e O e D O e e T O O A S S = 0 e O B -0

PRESSURE S0y S(=90) - E(0) E(=90) 1/R 1/71  LIFETIME EWR) E(D)
M TORR MICROSEC
45 67914 108603 ° 019 «018 « 625 416 7069 0026 « 027
a7 81054 135498 015 «014 «598 325 73.91 0021 «022
1.00 74040 126576 eCle «011 +585 346 75.58 «018 «018
1.11 89763 145879 «008 «002 «615 306 71.85 «008 <005
2436 82024 128858 008 «002 0637 352 69,45 «008 o004
2.36 83132 128211 «006 0002 0648 356 68,18 <0064 «003
3.49 88393 136374 005 +008 648 33s 684,21 «009 «011
3.49 91656 142150 «002 «003 . 0665 320 68,57 « 006 004
S.26 81717 1147158 o009 « 006 «712 412 62,06 011 2008
5.26 81143 116702 +005 + 005 »695 ’ 402 63.58 0007 «007
10,20 10513y 123873 003 «00) «849 398 52.09 0003 0001
10,20 103583 121028 «N03 + 005 «856 - 408 51,66 « 006 «006
16480 95846 78398 T .001 2001 1,223 . 625 36,16 «001 «001
16480 96823 79696 0003 005 1,215 616 36,39 « 006 « 004
29400 91506 45697 «002 e 002 24002 87S 22,08 «003 «001
29.00 913Re 45587 2003 0006 2.005 876 22,05 <007 003
41430 70755 26209 « 002 + 002 20700 1243 16,38 _+003 «002 '
41,30 70957 26278 «0n1 «002 2700 1239 16,37 «002 $001 Ij
LEAST SQUARFS FIT FOR 1/R DATA FUNCTION TYPE F(3) ﬁf
COEFFICIFNTS FOR FITTING FUNCTION 64302E-01 64209E=02 14397E=01
FRACTIONAL FRRORS IN COEFFICIENTS 2.879E~02 1.975E=02 1e315€E=n1
INTERCEPT  ,630 FRACTIONAL ERROR 4029 ZERO P, LIFETIME 70.16 MICRO SEC
HePy SLOPE 062 MTORR=] FRACTIONAL ERROR ,020 HePo Q CONSTANT  4,3] E=1)1 CC/MOLEC SEC
0 RATIO «095 MTORR=] FRACTIONAL ERROR ,027 QUENCH PRESSURE 10415 MTORR

VARTANCE RATIO COMPARED TO LINEAR FITs 10444 FOR ( 1415) DEGREES FREEDOM

----------------—--—_------------------------—-----------------------------------—--—---—------------—--------

LEAST SGQUARES FIT FOR 1/1 DATA : FUNCTION TYPE F(3)

COEFFICIENTS FOR FITTING FUNCTION 3.519E¢02 24B17E+01 1.251E=01

FRACTYTIONAL FRRORS IN COEFFICIENTS 6¢006E=02 4,72BE-02 2.969E=01

INTERCEPT 352 FRACTIONAL ERROR ,061

HeP, SLOPE 28 MTORRw] FRACTIONAL ERROR ,047

@ RATIO «080 MTORRe] : FRACTIONAL ERROR ,061 QUENCH PRESSURE 12449 MTORR

VARTANCE RATTO COMPARED TO LINEAR FITy 18.6 FOR { ivlS) DEGREES FREEDOM

XBL 688-5773




EXCITATION WAVELENGTH 4800 A OHRSERVATION FILTER NOo 6 (19960 CM=]) 18 DATA POINTS

e D D D ey TR P S R T N e G0 e P e R P e WD on e s T P S L T D R D P TR D D D R Y R A U WP G A P G D A o D PR G R W R n D D D e n P P T TP G D W W W W

PRESSURE S(0) - S{=90) E(0) E(=90) 1/R 1/1 LIFETIME E(R) (409
M TORR - . MICROSEC
49 62R4p 74226 e01l4 « 034 « 847 664 52.22 e 037 «040
049 5046R 72525 o34 «011 2696 646 63,53 « 036 0019
le12 60326 61978 °033 012 973 806 45,42 «035 012
1.12 62886 S768S « 007 «01S © 1.090 R6& 40,55 017 o014
1.18 45604 49577 050 «008 «920 1005 48,06 _ 2051 0010
1e62 56566 52523 121 0010 1.077 949 41,08 +N23 «009
?.35 63255 48699 « 009 0017 1.299 - 993 34,04 0019 0013
2.50 63496 47497 « 010 004 1,337 1010 33.07 o011 <004
5.05 53424 27931 + 008 0007 1.913 1470 23,11 009 004
SenS 54278 29078 007 «010 1.867 1432 23,68 12 « 006
10,96 3503 " 11034 003 «020 3.175 2597 13,93 020 <004
10,94 35134 . 10942 «004 «013 3.211 2595 - 13,77 o014 «004
17.60 2435n T 5037 - +003 « 021 44834 3938 9.15 «n21 003
17.60 22714 4818 002 e 013 4,714 4213 9,38 e013 «002
30,90 12668 1738 «005 019 7.287 7750 6,07 +020 « 005
30,90 12799 1707 «008 «030 T7.498 7677 5.90 o031 «008
47440 7994 782 « 004 ¢ 063 10,223 12391 4,32 « 063 «004
47440 8398 709 «003 W 073 11,845 11823 3,73 0073 «003
LEAST SQUARES FIT FOR 1/R DATa FUNCTION TYPE F (1)
COEFFICIENTS FOR FITTING FUNCTION Te261E=01 2¢303E=01
FRACTIONAL ERRORS IN COEFFICIENTS 3.513F=02 3,73%5€E=02
INTERCEPT #726 - FRACTIONAL FRROR ,03% ZERO P, LIFETIME 60.89 MICRO SFC
HePo SLOPE 4230 MTORR=1 FRACTIONAL ERROR ,037 HePe Q CONSTANT 15,99 E=~11 CC/MOLEC SEC
0 RATTO «317 MTORR=]) ' FRACTIONAL ERROR ,066 QUENCH PRESSURE 3.1% MTORR
LEAST SQAUARFS FIT FOR 1/1 DATA FUNCTION TYPE F(3)
COEFFICIENTS FOR FITTING FUNCTION - : 6e609E402 2¢332E402 1.872E~01
FRACTIONAL ERRORS IN COEFFICIENTS " 9.B43E-02 3,6658=02 5¢764E=01
INTERCEPT 661 FRACTIONAL ERROR ,098
HeP, SLOPE 233 MTORR=] FRACTIONAL FRROR ,037
0 RATIO ¢353 MTORRe] ' FRACTIONAL ERROR ,091 QUENCK PRESSURE 2.83 MTORR

VARTANCE RATIO COMPARED TO LINEAR FIT, 9.0 FOR ( 1415) DEGREES FREEDOM

XBL 688-5774
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EXCITATION WAVELENGTH 4800 A OHSERVATION FILTER NOo 7 (19350 Cm=1) 14 DaTa POINTS

PRESSURE S(0) S{=90) Et0) E(=90) 1/R 1/1 LIFETIME E (R} E(1)
M JCRR . MICROSEC
1.1R 61R9 60770 s 030 o011} 1e018 823 43,4} 032 © #0111
l-‘? 6166@ 6“854 0012 0007 .QS] 770 #6.50 .01‘0 .007 .
2.35 73890 65745 011 006 - 1.124 75% 39,34 «013 « 005
2.50 69779 62353 010 0007 1.119 797 39,50 012 « 006
Se 05 65058 62761 005 «006 1.521 - 1073 29.06 ' eN06 2003
S5.08 65036 41778 + 006 0003 1,557 1088 28,40 | 007 -003
10,94 4597) 18254 2005 « 005 2.518 . 1879 17,558 007 . 004
10,94 47379 18326 $0n1 «006 2.585 1836 17,10 +006 002
17.60 31790 8615 «007 2008 3,690 2930 11,98 °011 « 006
1760 30794 8359 005 «003 3.684 3024 12,00 0006 004
30,90 17384 2993 003 015 5.808 5587 7.61 015 «003
30,90 18344 2829 «0NG 012 6,485 5324 6,82 013 2006
47,40 11672 1239 « 004 016 94421 8472 4,69 016 <004
47,40 10995 1263 003 «030 8.705 8977 5,08 : 0030 .003
LFAST SQRUARES FIT FOR 1/R DATA FUNCTION TYPE F (1)
COEFFICIENTS FOR FITTING FUNCTION 7.232E=01 1e666E=0]
FRACTIONAL FRRORS IN COEFFICIENTS 2¢378E=02 2.307€=02
INTERCEPT 2723 FRACTIONAL ERROR ,024 ZERO P, LIFETIMF 61,13 MICRO SEC
HePe SLOPE ,167 MTORR=] FRACTIONAL ERROR ,023 HePo O CONSTANT 1157 E~-11 CC/MOLEC SEC
Q@ RATIO +230 MTORRe] FRACTIONAL ERROR 044 OUENCH PRESSURE 4,34 MTORR
LEAST SUUARES FIT FOrR 1/1 DATA FUNCTION TYPE F(4)
COEFFICIENTS FOR FITTING FUNCTION , 8sR16E+02 Ge442E40] 44,338E+01 2.264E-01
FRACTIONAL FRRORS IN COEFFICIENTS 1.,243E=01 4,729E=01 4,518E~0] 4,890E=01
INTERCEPT RR2 FRACTIONAL ERROR 4124
HePo SIOPE 192 MTORR=1] FRACTIONAL ERROR ,046 : » -
G RATIO 217 MTORRe] FRACTIONAL ERROR 4157 QUENCH PRESSURE  4¢60 MTORR

VARIANCE RATIO COMPARED fO LINEAR FIT, %5,8 FOR ( 2410) DEGREES FREEDOM

XBL 688-5775
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EXCITATION WAVELENGTH 4800 A OBSERVATION FILTER NOs 9 (17880 CM=~1) 16 DATA POINTS

PRESSURE S(0) S(=90) £(0) E(=90) 1/R 1/1  LIFETIME E(R) et
M TORR o MICROSEC
049 70186 106991 o014 «006 656 429 67439 2015 «010
1.2 74967 103878 «009 2006 . 722 457 61.26 «011 «008
le12 86797 121926 « 006 «006 o712 387 62,10 «006 <005
1«18 63298 BB4546 0007 « 008 «T16 53% 61,78 +009 0007
1.42 73228 95325 « 005 2006 « 768 507 57.55 «006 « 005
2.3% 84719 100974 002 0002 .839 488 52.69 «003 002
S.05 954 6R 85873 «002 «001 1e112 579 39,77 0002 «001 -
5.05 94782 a5831 2002 002 1.104 s80 40,03 «003 0002
10.94 81134 464092 002 0002 1.8640 952 24,03 «003 0001
10.94 79609 42807 «003 «003 1.860 974 23.77 « 006 0002
17.60 61837 22647 002 « 002 24730 1426 - 16419 2003 0002
17.60 56390 21312 001 0004 2646 1552 16,71 « 006 « 001
30,90 35737 8344 «n02 «008 4,282 2654 10,32 «008 002
30.90 36508 8074 .00l «008 4,522 2611 9,78 «008 0001
47,60 23091 3337 «002 «008 6,920 4242 6439 «008 $ 002
47,40 23152 3655 «001 « 01T 6,334 4214 6,98 $017 001 gJ
e e T e TP U T U D e D S G S s e P D D e AR D e O T N AR T D e S R S D ST AD AR Eh P D G D D D AR D R e D D D e e e D e P S G O N A D e SE ey S O D P S P e ar e o __q
LEAST SOUARES FIT FOR 1/R DATa FUNCTION TYPE F1(3) g“
COEFFICIENTS FOR FITTING FUNCTION 6.220E~01 1,2388E=01 9¢44SE=02
FRACTIONAL ERRORS IN COEFFICIENTS 1.6B3E=02 1,594E-02 1,613E~01
INTERCEPT  ,622 FRACTIONAL ERROR ,017 ZERO P, LIFETIME 71,08 MICRO SEC
HePe SLOPE ,139 MYORRe] FRACTIONAL ERROR ,016 HoePs O CONSTANT  9.64 E=1}1 CC/MOLEC SEC -
0 RATIO «223 MTORR=] FRACTIONAL ERROR ,016 QUENCH PRESSURE 4,48 MTORR -

VARIANCE RATIO COMPARED TO LINEAR FITy 39,6 FOR ( 1413) DEGREES FREEDOM

CL LI DL P PP Py P P Y L P P L L e e T P L e Y e L Y D P L D P L LA L DL PP L AL L L P Y PP Y L L e Y 2 2 g

LEAST SQUARES FIT FORp 1/1 DATA FUNCTION TYPE F1(4)

COEFFICIENTS FOR FITTING FUNCTION 44337E¢02 3,632E+01 6.6T1E*00 6-4;75-02
FRACTIONAL ERRORS IN COEFFICIENTS Te262E=02 ~ 245T0E=01 Te629E=01 9+215E=01
INTERCEPT 434 FRACTIONAL ERROR ,073

HePo SLOPE 103 MTORR=} FRACTIONAL ERROR 4,174 ’

Q@ RATIO . .239 MTORRe] FRACTIONAL ERROR ,223 QUENCH PRESSURE 4419 MTORR

VARIAMCE RATIO COMPARED TO LINEAR FITs 17.2 FOR ( 2412) DEGREES FREEDOM

XBL 688-5776




EXCITATION WAVELENGTH 4800 A

PRESSURE

M TORR _

049
1412
le12
1.18
235
2¢50
2050
Se05
S.08

1094
10.94
17.60
17.60
3099
30.90
47-40
47.60

S(0y

76501y
79967
90535
78723
97664
83219
96937
110184
11199}
103312
100447
81084
78798
52108
53453
35035
348758

S(=90)

123478
1264403
138360
121169
131988
111954
132840
119631
121796
68024
66238
36658
35217
14114
14306
6385
6152

OBSERVATION FILTER NO. 10

E(m)

« 017
«008
« 005
010
« 003
004
« 004
N0}
« 004
« 001}
«001
+003
«001
« 001
«001}
2002
s 002

E(=90)

« 007
2007
0001
«002
« 00}
«00)
«00]
¢ 002
«001}
2001}
« 005
«006
+003
+006
« 006
+ 005
0001

1/R

620
#6643
+ 656
«650
« 740
+743
730
921
«919
1.519
1516
20212
2+237
3.692
3.736
5,487
5.669

(16960 CM~-1)

17 DATA POINTS

E(R)

L0018
011
+ 005
« 010
«003
e 004
« 004
2002
2004
001
005
«007
003
0006
« 006
005
+ 002

E(D)

«013
010
2002
« 005
<002
002
2002
«002
0001
«001
2003
003
«001
2001
2001
«002
«002

" e S e D Ry D G ) TR gy 06 TR e S SR D R A G D e D e s B D S e G O G TR S s D S T e G T R T A G o OB D 60 e D D D e e €D T R WD R G B O W WD o N W S R O G0 W

LEAST SQUARES FIT FOR 1/R DATA

COEFFICIENTS FOR FITTING FUNCTION
FRACTIONAL ERRORS IN COEFFICIENTS

INTERCEPT
HoPo SLOPE
0 RATIO

VARTIANCE RATIO COMPARED TO LINEAR FIT, 236,0 FOR ( 1914) DEGREES FREEDOM

o/08
¢117 MTORR=]
+192 MTORR=}

FUNCTION TYPE F(3)

600T6E=O01
1.421E~02

FRACTIONAL ERROR

FRACTIONAL ERROR 009
FRACTIONAL ERROR

2014

2013

1,168E-01
B.7646E=03

171 LIFETIME
MICROSEC

363 71.36
366 68,78
331 67,56
377 68,05
362 59,75
428 59,48
358 60,58
417 48400
409 48,08
675 29.11
694 29.15
1024 19.99
1058 19,76
1788 11,97
1746 11.83
2763 8406
2781 7.80

1.512E=01
7.780E~02

ZERO P, LIFETIME 72,76 MICRO SEC
HoPe Q CONSTANT

Bell E~11 CC/MOLEC SEC

- " " D R - D D S TS TP 4D T R WD A D PGB b S R UL S 4P T e S 4D PSP D Eh OY U e P G U5 W O S D 6 e WP WD A AR B D WO AT AR W en B a0 WP B O D D G S S5 T €8 M 60 B T 4 S G o e . D

LEAST SQUARES FIT FOR 1/1 DATA

COEFFICIENTS FOR FITTING FUNCTION
FRACTIONAL ERRORS IN COEFFICIENTS

INTERCEPT
HeP, SLOPE
Q RaATIO

VARTANCE RATIN COMPARED TO LINEAR FIT,

3%8
56 MTORR=]
«140 MTORR=1

FUNCTION TYPE F (3)

3.979E¢02
Tel42E=02

FRACTIONAL ERROR

FRACTIONAL ERROR ,0264&
FRACTIONAL ERROR +067

61,0 FOR ( 1414) DEGRFES FREEDOM

07}

QUENCH PRESSURE 5.20 MTORR
5.580E+01 3.146E~0)
2:419E-02 20309E-01

QUENCH PRESSURE 7.13 MYORR

XBL 688-5777
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EXCITATION WAVELENGTH 4800 A ORSERVATION FILTER NO. 11 (15650 CM=1) 17 DATA POINTS

PRESSURE S(0) S(=g0) E(0) E(=90) 1/R 1/1 LIFETIME E(R) et
M TORR ) : . MICROSEC
49 TooN 126387 «061 0006 «55% 336 79,72 « 061 «034
1.12 - 718R7 124R8S 004 2005 576 346 76.80 « 006 +008
lel2 71290 123920 - « 005 2003 575 349 76,85 0006 005
1.18 8902%, 135440 «013 «003 2657 339 67.26 013 0007
lela 63485 108R01 011 « 005 +«583 400 75.77 oNl12 «009
1.62 73077 128334 « 005 «003 «569 33% 77.64 « 006 «005
2.35 88297 136605 «0N6 2003 0637 327 69,40 200S «00S
S.05 115629 133234 072 « 006 868 372 50,94 072 - e011
5«05 103037 121954 o004 0066 2845 406 52.33 « 066 077
10,94 107129 B4052 « 002 «00]) . 14278 578 34,69 «002 «001
10,94 110763 B7160 «0N2 0002 14271 558 34,79 «00C3 0002
17.60 94621 50120 . 002 «003 1.RR8 825 23,42 0004 +002
1760 BR752 47436 002 «003 1.871 876 23.63 0004 «002
30.90 59074 19362 002 006 3,051 1529 14,49 «006 «002
30.90 59319 19053 «003 2006 3.113 1528 14,20 007 2003
47440 40547 8770 +0N2 «013 4,623 2356 9,56 013 «002
47.40 41534 9327 00} «006 44453 2292 9.93 «006 «001
LEAST SQUARES F17 FOR 1/R DATaA FUNCTION TYPE F(3)
COEFFICIENTS FOR FITTING FUNCTION 5¢471E=01 9.640E=02 1.340E-01
FRACTIONAL ERRORS IN COEFFICIENTS 4,818BE=02 2.595€=-02 3,290€-01
INTERCEPT «5647 FRACTIONAL ERROR (048 ’ ZERO P, LIFETIME 80481 MICRO SEC
HePoe SLOPF N9k MTOPR=] FRACTIONAL ERROR ,026 HePo @ CONSTANT  6.69 E~1] CC/MOLEC SEC

Q RAT10 «176 MTORR=] FRACTIONAL ERROR 036 QUENCH PRESSURE S+68 MTORR

VARIANCF RATIO COMPARED TO LINEAR FITV, 17,5 FOR ( 1+14) DEGREES FREEDOM

- " - - P e e S - - = P v - T S e D D D e 8 G T D D 4P O =D R e T Y D T P R D e e T W e D

LEAST SOUARFS FIT FOR 1/1 DATA FUNCTION TYPE F ()

COEFFICIENTS FOR FITTING FUNCTION 3.712E402 1.500£+01 7.106€+00 1.319€-01
FRACTIONSL FRRORS IN COEFFICIENTS . 54T41F-02 44191E=01 44142E-01 44751E=01
INTERCEPT an FRACTIONAL ERROR <057 '

HePe SLOPE 564 MTOPR=] FRACTIONAL FRROR 4073

QO RATTO 0145 MTORR=] FRACTIONAL ERROR «1l6 QUENCH PRESSURE 689 MTORR

VARIAMCE RATIO COMPARED YO LINEAR FITy 54,8 FOR ( 2913) DEGREES FREEDOM

XBL 688-5778



EXCITATION WAVELENGTH 4800 Af OLSERVATION FILTER NO. 12 {15130 CM=1) " 18 DATA POINTS

PRESSURF S(0) Ste90) E(o) E(=90) 1/R 171 LIFETIME E(H) E(1)
™ TORR & ’ MICROSEC )
- «49 70051 126726 + 014 003 - +553 : 334 79.98 «014 + 009
1012 6901n 124652 005 . 002 «554 340 79.86 «N0S « 004
}ol2 70989 126594 « 009 . 002 « 561 337 78,84 2009 « 006 »
1e1R 5R347 105411 . (05 0002 « 554 402 79.87 005 «004
118 62630 113297 006 007 - 0553 - 374 79,95 2« 009 2011
2.35 ‘816443 135362 «00S 2004 - «602 326 73,48 006 2006
2.50 83016 138206 010 2002 o601 ‘319 73,60 010 «006
2.50 72085 116167 o006 2004 o621 386 7125 «007 « 006
%, 05 97644 136554 . «003 002 o718 . 346 61,83 006 « 003 _
S 05 97671 140357 «Che . «003 696 - 334 63,53 ’ « 005 «004
10,94 106394 93468 001 «001 1.138 530 38,84 «001 001
10,94 112669 97615 002 2001 1,154 . 807 38,30 . 002 +001
17.A0 - 95768 S8001 Le001 2002 - 1.651 764 26,78 2002 T .001
17,66 89209 54310 oNN2 0002 1,643 818 26,91 003 «001
30.90 653R¢ 22972 2002 - £ 002 "2.R46 136) 15.53 «003 «002
30.90 63786 234318 «001 «002 T 20724 1382 16,23 002 " 001
47,40 43757 10414 Do «003 44201 2163 10.52 «003 «000
47,40 43614 10033 «001 «010 40347 2178 10,17 ~ e010 «001
LEAST SOUARES FIT FOR 1/R DATA FUNCTION TYPE F(3)
COEFFICIENTS FOR FITTING FUNCTION 5e606E=01 8o T20E=02 1.940E~01
FRACTIONAL FRRORS 1IN COEFFICIENTS | 2e242E%02 1.161E=02 1.012E=01 .
INTERCEPT « 561 FRACTIONAL ERROR ,022 ZERO P, LIFETIME 78,86 MICRO SEC :
HaPs SLOPE o087 MTDOPRe} FRACTIONAL ERROR L0172 ) HePo Q@ CONSTANT 6e06 E~1) CC/MOLEC SEC

0 RATIO «156 MTORR=] ) FRACTIONAL ERROR ,020 QUFE.NCH PRESSURE 6+43 MTORR )

VARIANCE RATYO COMPARED TO LINEAR F1T, 190,3 FOR ( 1415) DEGRFES FREEDOM

- - - Y T gy D B T A0 A D D o - . R s D > B0 G G SRS e A L e S e D G P S O e T e G W S . A B

LFAST SQUARFS FIT FOR 1/1 DATA : FUNCTION TYPE Fi{4)

COEFFICIFNTS FOR FITTING FUNCTION 3.799E¢02  5.,737£+400 6,029E400  14159E=01
FRACTIONAL FRRORS TN COEFFICIFNTS - 6-222E'027 14171E+00 Ge161E~01 . Se025E=01
INTERCEPT 380 FRACTIONAL ERROR ,062 . » _

HePe SLOPE 57 MTORR=] FRACTIONAL ERROR ,102 : '

@ RATIO «)37 MYORR=] FRArCTIONAL ERROR 4145 : QUENCH PRESSURE 7430 MTORR

VARJANCE RATIO COMPARED TO‘LINEAR FIT, 43,5 FOR ( 2414) DEGREES FREEDOM

. o ' N - R - .~ XBL 688-5779
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EXCITATION WAVELENGTH 4800 A OBSERVATION FILTER NOe 13 {14270 CM=1) 17 DATA POINTS

PRESSURE S0y S(=90) E(0) €£(=90) 1/R 171 LIFETIME E(R) E(I)
M TORP MICROSEC
«49 60626 115704 0017 006 2524 35S 84,37 «018 . «014
1a12 76192 146685 o018 « 009 «516 219 85,11 «020 018
l.12 65099 123480 « 014 «008 527 334 83,86 + 016 «018
le18 62078 115R64 « 009 « 002 «536 359 82,51 s 009 « 006
1e42 6845R 128558 o016 0006 +533 323 83,02 <017 013 .
2435 83629 150162 «003 «002 ¢ 557 283 . 79.38 e B4 «003
2450 81627 145664 « 006 «003 »559 292 79,09 00T "«006
Sa 05 95556 151158 « 004 «003 632 299 69,93 ) « 005
S.08 - 95863 149312 « 009 «001 o642 304 68,86 . 509 «004
10.94 114013 110561 « 002 « 002 1,031 £52 42,87 2003 o002
10.94 114934 112628 o002 0004 1,020 444 43,32 " . 004 0004
17.60 107868 71950 « 001 «003 1.499 642 29.49 503 «002
17.60 101659 69069 . o002 «002 1,472 673 30,06 <003 «001
30.90 76303 30008 002 2002 245643 1135 17.39 +003 2002
30,90 74393 29606 «003 0003 2.513 1160 17.59 « 004 «002 1
47440 51944 13934 « 002 « 008 3.728 1796 11.86 «00R «002 |
47,40 53851 14023 <002 008 3.860 1739 11,51 +008 «002 123
S P T D D P SR e gy BB D G S o D O A G D S e TR D TP S S o A P e A S0 e O D D M U i AP AR U A D Y A R R G S S O A0 R D M S W g o A R P P AR D G G e G SR G W S OB o SO D U A e W D l
LLEAST SOUARES FIT FOR 1/R DATa FUNCTION TYPE F1I3)
COEFFICIFNTS FOR FITTING FUNCTION S.538BE=01 T+8T1E=02 2¢314E-01
FRACTIONAL ERRFORS IN COEFFICIENTS 2¢207€"02 G, 164E~03 8.492E=02 o
INTERCEPT «554 FRACTIONAL ERROR ,022 2ERO P, LIFETIME 79,82 MICRO SEC
HePs SLOPE 4079 MTORR=] FRACTIONAL ERROR 4,009 HePe Q@ CONSTANT S¢47 E=)1 CC/MOLEC SEC
Q@ RATIO +142 MTORRe]} FRACTIONAL ERROR 4020 QUENCH PRESSURE  7.04 MTORR

4

VARIANCE RATIO COMPARED TO LINEAR FITs 329.2 FOR ( 1414) DEGRFES FREEDOM

LI E L L P T L L DY e P P T L s T P T T R L P L L L PR P L L L L L L L b L Ll LT T L L L LA L Ll e LDl Dt D Dl Lol

LEAST SQUARES FIT FOR 1/1 DATA FUNCTION TYPE F (4)

COEFFICIENTS FOR FITTING FUNCTION 3.927€E¢02 1.038E+01 14036E¢01 2¢676E~0)
FRACTIONAL FRRORS IN COEFFICIENTS : 7.639E~02 ‘14029€E+00 3,580E=01 44046E=01.
INTERCEPT 393 . FRACTIONAL ERROR ,076

HePe SLOPE 39 MTORRe] FRACTIONAL ERROR ,062

0 RATIO +099 MTORR=] FRACTIONAL ERROR ,121 QUENCH PRESSURE 10414 MTORR

VARIANCE RATIO COMPARED TO LINEAR FITy 66.s9 FOR ( 2413) DEGREES FREEDOM

XBL 688-5780
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Appendix E

”515_§_ Dynamic Range in Analog Photon Counters,j-“?

In this appendix we wish to consider the requirements upon the dy-

namic range of analog circuits imposed by the single shot characteristics

of the optical signal. With signals of a small number of counts per second

1t is necessary to amplify each pulse (either in voltage or duration) in
order to obtain a’ high level average. signal. If the pulse duration 1s.

kept short thenzthe voltage must be amplified, and this necessitates-

a wide dynamic range.‘;

'We‘co jider‘as typical a signal of lOO counts/sec f 10 6‘secidura~ -

waever, increasing the pulse width at the output of the one~shot in—i

creases the c“incidence loss due to shortly spaced pulses. Consequently,

analog means ofmincreasing the pulse width are indicated.‘ waever, in
ac work where the phase of the signal is important it is necessary that
the broadened pulse still be much shorter than the period of the modula-
~tion (in the present case 277 usec) 1o that perhaps only one order of
magnitude can be gained. ;

The means of spreading the width of the single photoelectron pulses

that was ﬁbund most satisfactory was to utilize a sharply tuned ampli-~

. fier such as is in the signal channel of the JB-5 lock-in amplifier

(Q o 25). Thelresponse of such a circuit to a fast pulse (whose Fourier

‘spectrum contains all frequencies) is to select frequencies about the




1682~

'»

tuned frequency'w;?i.e., to'pioduce a ringing sinusoidal wave form (Fig.
E-1), deéaying with a time constant T = 2Q/&~ The rectified wave form
(Fig. E-2) wlll be considerably spread out in time, the effective pulse
width now given by T = ot cothv(ﬂ/hQ); for large Q, T = 4Q/mw. In the
present case with ot = 4421 pusec and Q ~ 25, T = l.4 msec, Now the
required dynamic range‘is approximately 3 x (10 mV)/(100 x 1.k x 10-3) :
on the order of 0.2 volt, where the additional factor of 3 has been
allowed for addlng closely spaced pulses. Since the method_of spreading'
pulses 1s analogfthe responge ‘is linear to the arrival of multiple pulses
within the ring timevaé shown by Fig. E-3. A newly arriviﬁg pulse édds |
its voltage to the residual voltage from previous.pulses.‘

The final requirement that has been placed upon the circult is that
1t retain the‘time information of the input photoelectron pulse. This

information is retaihed 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-L. The wave form in Fig. E-2 1g 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 meke appropriate
contributions to each channel, .

The.disadvantage in using sharply tuned filteré in phase measure-?

ments is of course the severe sensitivity of the output phése to very .

slight chdnges of the frequency. Quantitatively,
: dw
dp = 2Q —

or for Q = 25, a phase error of 1% is produced by & change in frequency

of 0,02%.
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XBB 685-2754

Fig., E1 Response of tuned circult 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.
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XBB 685-2755

Fig. B3 Additive response to two closely spaced pulses.
Horizontal scale: 1 m sec/major division.
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Fig. Eb Lock-in rectified response to a single photon
pulse (quadrature). Horizontal scale: 0.5 m
sec/major division.
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Appendix F

Circuit Diagrems E h
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Current amplifier

Reference voltage

X8L688~- 3778

Fig. F1l. Current amplifier and pulse chaping 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 volteage amplifier; 710, Schmitt trigger; 914 monostable multivibrator (one-shot); 900

buffer amplifier. :




~6g9T~ .

- 100t 10k
In ?—‘w——-}} —

200k

X8t688—3773 '

s Fng‘FE Quadra ure phase shlfter for refereﬂce signal.
Iﬁteg*ated circuit 1531 is used as an integrator. S
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