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ABSTRACT -

tH !:3.- s
An extensive evaluation is ref:orted assesslng the potential of molecular °

fluorescence as a stratosphenc monitor-of; the concentrations of various
minor species. Seventeen molecules have been considered and all
spectral regions from the vacuum ultraviolet through to the infrared

are included. The exercise has produced few surprises; however,
further confirmation has emerged as to the feasibility of this sensitive
technique for monitorlng stratospheric OH, NO,, and SO,, sufficient

to warrant its development as. analytical flight hardware for these species.
All the other molecules have been eliminated with the exception of C10
which appeafs to have promise but requires additional information

~ before its detection limit can be calculated; its fluorescence spectrum
is as yet unlnvestléated.

In addition, this ‘report constitutes somewhat of a handbook for molecular
fluorescence and includes a compilation of all reported studies for simple
molecules using line source excitation.
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SYMBOLS AND CONVERSION FACTORS

b

latm* -+ = 9760 torr
"= 1.01325x10° Nm~
= 7.3398 x 1021/ T particles cm™S

2

lcal = 4.1840J

lem™ . ; = 2.85912 cal mole™

aF Cross-sectional area of lens used to collimate the exciting source, sz
aL Cross-sectional area of laser beam, cm2

'as Surface area of light source, cm2

AT Total absorption factor, sec'l; fraction of the incident radiation that is -

absorbed

b Effective refractive index of an interference filter material

C . Detector photocathode radiant sensitivity, amp wa.t:t-1
' 3 Energy of the J rotational level above the ground state

f Fraction of the total fluorescence monitored

o' un Vibrational transition pfobability for the (u' V") band

FWHM Full linewidth at half peak intensity

G Photodetector gain

ge Degeneracy of an electronic state

g“;" Electronic degeneracy associated with a particular rotational level

9 Transmission factor for. the detector filter system

i an Photodetector anode dark current noise

i od Photodetector cathode dark current

i’s Photodetector signal anode current

vii



I Total radiant energy absorbed over full bandwidth

a

I'; Intensity of the radiation absorbed at the frequer'lAcy v

Igontinuum Amplitude of the continuum ra.dlant ilnte.nsity,. vivatts' - seci em-z ster-1

If Intensity of the fluorescence, vtatts | ' . |

IL Intens1ty of laser beam, watts cm -2 or v;'atts

Iv Intensity of the transmltted radiatlon at frequency v |

1"’/ Intens1ty of the 1nc1dent rad;ation at frequency U

IS Radiant mtenelty of source, watts cm -2 ster_1

I scatt Intensity of scattered ramatlon f ‘

k d,kq Rate constants for dissociation a.nd querll‘clring‘ prdcesses |

kf : Rate constant for fluorescence, sec 1,' eq\ial to the inverse of the natural
radiative lifetime, T '

ku | Absorption coefficient, em™1 ‘NTP—l,'be.s‘e e

[ Path leréth of interest, cm

Agrgm Wavelength of the transition between J' and J'' rotational levels

AN Wavelength of the peak transmission of an interference filter for radiation
at normal incidence

Xt Wavelength of the band origin of the (v'v') band

10 ° Wavelength of the peak transmission of an interference filter for

@ radiation at an angle of incidence ¢

n. Total number density of absorbing or scattering species, cm_3
, : s .th R -3

n Total number density of species in the i absorbing'level, cm

N Equivalent noise input of a detector, watts

Avp Doppler line half-width (FWHM), sec™t

vy Lorentz, or pressure -broadened line half-width (FWHM), sec"1

AV N Natural line haif—width (FWHM), sec-1

Avg Source line half-width (FWHM), sec



Voight line half-width (FWHM), sec |

Av voight '
ppb ‘ Parts per bilHog_‘by volume

Qrot o Rotational partition fuﬁction

Qb Vibrational partition function ‘

(yu Absorption: orAscattgring cmss«éécf'ién, qfn2, at frequgncy v
% Absorption c;'oss—Section at abline center; cm.2 |

o Absorption crésé-éeé:tion at: the source freqency,- cm.2
S I Line strength of a rofatioﬂal line transition |
v Radiative lifetime, sec

v _ Vibrational q—uantﬁr;numbexl

© o Angle of vincid‘.ence, measured froxh thé normal

QF Detector effective vslqli‘d angle, steradians

Og Effective solid éngle of source radiation, stgradi_ans



INTRODUCTION

The National Aeronautics and Space Administration is implementing a program to monitor
the temperal and spatial concentrations of particulates and trace gas constituents in the
upper troposphere and the stratosphere. Boeing 747 airliners are in use together with such
supersonic aircraft as the Concorde and a U2 plane capable of attaining high altitudes but
somewhat limited in its payload. Gro&ing concern over the possible deleterious effects on
the environment by SST and Space Shuttle engine exhaust emissions, particularly in the
stratosphere,' necessitates 'the' cdllection of a reliable data base of current atmospheric
concentration levels at these altitudes. Such data also is required to validate and refine
more sophisticated atmospheric models to permit reliable assessments of any potentially
harmful effects and hopefully illustrate methods for their minimization, The Climatic
Impact ASsessment Program of the US Department of Transportation has assumed this
overall responsibility. ‘

The generally low concentrations of many of the minor constituents in the stratosphere,
most 6ften measured on a parts per billion by volume (ppb) scale have made their monitor-
ing a very demanding task. Several systems are being assessed as to their potential and A
for their feasibility as fully automated flight hardware. Currently, data are being obtained
for NO using the chemiluminescent detector (detection limit 0,02 ppb, Ridley et al., 1974)
and for O3 by uv absbrption (detection limit 3 ppb). A 0160, CISO fluorescent source NDIR
detector (detection limit 200 ppb) is being further refined in an attempt to sufficiently in-
crease its sensitivity to the required 30 to 120 ppb range (McClatchie, 1972). Extensive
data already have been collected for NO and Og. Infrared emission and absorption tech-
niques under high resolution conditions, the latter using the sun as a source, have been
instrumented for balloon or aircraft platforms (Farmer, 1974). Such methods give an
intégral measure of a mindr constituents concentration and require a more sophisticated
analysis to provide its distributions as a function of altitude. Spectrometers and inter-
ferometers are being used in the 1 to 8 um region (Farmer et al., 1972b; Ackerman and
Muller, 1972a,b), 1 to 30 ¥m (Murcray et al., 1972). 50 to 300 4m (Baluteau et al., 1972),
and 300 to 3000 pm (Harries, 1973). As a result of the growing concern for environmental
quality, various new approaches have been considered for their suitability as pollution
monitors. Line center absorption appears to be one that holds promise for detection at



low concentration levels (Lowder et al., 1971; McGregor et al., 1972; Sulzmann et al. ,
19'13) Another, usmg very sensitive opto-acoustic detectors reportedly can monitor

‘co, CO ’ or spin fhp Raman infrared laser absorptions by species at the parts per
bllhon level (Kreuzer and Patel 1975 Kreuzer, 1971; Kréuzer et al., 1972; Dewey et al. ,
1973; Rosengren et al., ’ 1974) Gelbwachs (1974) has considered the extent to which water
vapor absorptions will interfere and limit the sens1t1v1ty of such detectors. A total sulfur
flame chemiluminescent detector, that monitors the S band emission at 394 nm, 'ha$ been
reported to have a detection limit of 4 ‘ppb (Krost et al. , 1973). "The enhanced absorptions
noted if a species is inserted within a laser cavity is yet another area open to extens1ve
exploitation (Chackerian and Weisbach 1973 " Atkinson et al., ’ 1973) However, other T
techniques, ideally simple in nature and free from 1nterferences also need to be developed
' ] This report considers in detail. the feasibility of one such approach which is only now be-
ginning to be exploited to its' full’ analytical potent1a1 'Naniely," molecular fluorescence,
such an approach has been largely disregarded. However, solar mduced fluoréscence has
been momtored for many years in the upper atmosphere by’ rockets and satellites to’ obtam
NO and OH concentrations in the mesosphere and ionosphere (Barth, 1964, 1966a,b; *
Anderson, 1971a,b; Rusch, 1973). Its selectivity and potential freedom from spectral
interferences when excited with line sources now is well recogmzed The advent of the
laser as an intense excitation source sufficiently monochromatic to excite only a limited
number of levels has fostered renewed interest and broadened the potentlal of fluorescence
studies. The development of more intense atomic line sources primarily for atomic
absorption and atomic fluorescence measurements also has playéd a contributary role in
providing an increased number of intense, stable, electrodeless’ discharge and hollow

* cathode lainps. “The ability ‘to populate selectively has opened up new studies of the funda-
mental characteristics of mdividual states.' A narrow line’ rarely exmtes mbre thah ‘one
electronic, vibrational and" rotational state.. Consequently, fluorescence spectra are greatly
simplified in comparison with continuum source excitation and most overlapping featu¥es
are removed, - This eliminates possible ambiguities in the spectral interpretations.
Molecular constants, energy transfer processes, band intensity ratios, Franck-Condon
factors, electric dipole and magnetic moments and various fine and hyperfine structure
splittings, together with lifetime measurements and collisional quenching parameters are
all being studied with renewed interest. Molecular level crossing and optical, radio, and
microwave double-resonance experiments incorporating fluorescence techniques have
introduced a precision into molecular spectroscopy approaching that of microwave and
electron spin resonance studies.
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Until recently, gas-phase ﬂuorescence has been a minor area of molecular spectroscopy,
whereas. there has always been a vast accumulation of work with condensed phased systems.
_In fact, induced laser fluorescence from oil pollution on water using a He. Cd laser is

being successfully used as an airborne monitor ("Nightime Detection of Pollutants, " 1973)
From the analytical point of view, the principal advantage of ﬂuorescence techniques re-
lates to the linear proportionality between the signal mtens1ty and the spe01es concentra-
tion. Accuracy depends solely upon how well the magnitude of the signal can be measured
relative to the detector noise. In contrast, absorption methods rely on bemg able to
accurately monitor the difference between two tra.nsmitted signals. At low concentrations
this entails measuring a small difference between two large values and consequently is A AI _
more demanding. Fluorescence can be a particularly sensitive analytical tcol as illustrated

oA

by its ability to measure the vapor pressure of sodium at room temperature (Fairbank et al. ,
1973). This corresponds to about 4 x 10 atoms cm, -3 .and, since with the cw tunable dye
laser system used, the signal to noise (S/N) ratio at this level was more than 10 it is
expected that concentrations 3-4 orders of magnitude smaller could be. znonitored. 'l‘he,. .
detection of only several atoms In an exciting beam appears not an ,unreaso_nable expecta-,
tion for the near future with certain species. Similarly, an _enterpr‘is_ing group at t,_l_i_e, Lo
Ford Scientific Research Laboratories (Wang, 1974; Wang and Davis, 1974) ] has reported .
successfully monitoring an atmospheric trace constituent using molecular fluorescence. .
Utilizing a tunable laser source, OH concentrations have been measured at ground level

in ambient air to a detection limit of about 5 x 10 cm. 3, corresponding to 0. 2 parts per
trillion.. Concentrations were found to range to a high value of 1.5 x 108 cm in the ea.rly
afternoon and drop below the detection limit if it was raining, overcast or nighttime. That
such a difficult measurement has been achieved at the present time Iends tremendous

) 1mpetus to the present quest of exploiting molecular fluorescence asa sensitive analyti-
cal technique for a wide range of simple molecular specles. . . . .

PO P s O PO Ve
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STRATOSPHERIC .COM POSITION

The lowerboundary of the stratosphere is defined by the temperature minimum that exists
in the atmosphere. This altitude region, the so-called tropopause, is latitude dependent
being at about 10 km at the poles and 15-16 km in the tropics. Aboire it and up to about

50 km is the stratosphere, a region owing its existence to its ozone content which absorbs
most of the incoming ultraviolet solar radiation. This report will place emphasis on the
10 to 30 km region (33,000-98,000 ft). Although the major atmospheric constituents are
well mixed up to these altitudes and even higher, as illustrated by the const_ancy' of the
mean atmospheric molecular weight, the minor components are affected by aeronomic
reactions which result in their concentrations differing quite markedly through this region.

In these assessments of various ﬂuorescmg systems, a knowledge of the approximate
composition of stratospheric air samples is required to calculate the extent of potential
interferences or other background contributions to the fluorescent signal. Obviously, the
extent of analytical sophistication is governed by the ultimate concentration levels to be
measured. Sophistication beyond that necessary to accomplish the task is unnecessary.
Consequently, a current list of stratospheric concentrations has been compiled in Table I
to illustrate the required performanee levels of suitable analyzers. . The approximate range
of values has been given for the 10 to 30 km region expressed both as a volume mixing ratio
and as a molecular concentration. Some identification of the source of the data has also
been listed. Atmospheric temperatures and number densmes have been taken from Kantor
and Cole (1973), (10 km, 223.1 K, 8.6 x 108 em™3; 30 km, 226. 6K, 3.7 1017 em3y,

The data for Hzo 03, and CH 4, are in reasonably good shape. The water content of the
stratosphere has been extensively studied during the past ten years, Mastenbrook (1974)
has most recently review’e'd the situation and quotes a median value of about 4 ppm, values
falling in the range 1.6 to 6.4 ppm. Values for NO concentrations now a_re becoming

much better established; Schiff (1974) has reviewed stratospheric measurements for NO,
NO and HN03
data for such species as H2 N, O, co, HNO , and NO these are very limited in most
cases and more. measurements are reqmred to better establish their abundances and
variabilities. The situation for NH3 SO HZS HCHO, O, HNO,, and OH is such that

hardly any experimental data ex18t at all for their stratospheric concentmtions.

Although several balloon-and plane measurements hat'e provided some



Table I. Range of Concentrations in the Stratosphere (10 to 30 km)

Ma]or Stable Constituents (from Valley. 1965)

Volume Mixing Ratio - i ‘Concentraticn
_Specles — (pm) (molecule em-3)
N, 780, 840 (0.3-6.7) x 1018

. Oy ’ 209,480 | . (0.8-18) x 107
. ar 8,340 {0.3-8.0) x 10%6
oo, T ¢ < a0 (0.1-2.7) x 10%°

. . :iNe .. - 18 N X S TE2 Lo
: " He 7 5 : 0.2-4.5) x 1o 13

L Kr . ) o 01 (0.4-9.8) x 10'2
Xe ’ 0.09 (0.3-7.4) x 1011

S :"::'“3 ST . ' [ T - : - w » ¢
Ml.nor Constltuents

Yo Volume Mixlng - s R ..
Y « Ratio Concentrstlo Data”
Species. _- .(ppb) . - _(Eolecule om ) Source . Reference
H,0 2000-6000 (o. 1-6, 0) x 100 Balloon,” McKinnon and Morewood,
Lo e R . .aircraft = 1970; . . .
- ow ’ e ) o "' Mastenbrook, 1971,1974;
. ) o . N " Harries and Burroughs,
RSLI L VS T SR 1! 5 PR
' . Sissenwine et al. . 1972
Goldman et al., 1973b
O3 150-4000 (1-8) 3 10 Extensively Banks and Kockarts, 1973,
Caagy L e o - ‘monitored . B K .
CH‘1 900-1400 (0. 8-12 0) x 10 Balloon, Ackerman and Muller, 1972a;
s 5 [ S aireraft Lowe and McKinnon, 1972;

Ehhalt and Heidt, 1973a,b;
Y .- - - . L _Cummings&;pwe_, 1973,

" 'H, 500750 ©.3-4.3)x 10'2 " Balloon Ehhalt and Heidt, 19738,
TNy - <10-270 " “<0.04-23,0) x10'! Balloon; = " Schufz et al,, 1970;
e e . afreraft Harries, 1973; . .
£y . ST i e Goldman et al., 1973ai~ - -
Ehhalt, 1974,
I oe} 30-120 . (0, 01-1,0) k 1012 - Balloon, air- Seiler and Warneck, 1972;
. craft £ 15 km Goldman et al., 1973c.
P HNOy 1410, < (0.4-2:5yx 10*°  Balloon,” * Williams et al., 1972; -
aircraft Harries, 1973;
vt S : Murcray et al,, 1973..
NE, <10 <(0.4-8.0)x 108 Ground level Junge, 1863;
a I . T -analyses ‘Pate et al;, 1970,
1-5 (1 3-43. O)x 10 Balloon, Ackerman and Muller, 1972b;
S P alreraft Ackerman et al,, 1974;° .
. Brewer et al,, 1973,
Y. B0, <5 <0.24)x10%  Airoratt,. Kellogg et al.,, 1972;
ground level Harries, 1973,
A S o . g analyses . LT
NO 0,02-2.8 (1 7-8 5)x10 Balloon, Ackerman et al., 1973,
e : L R -, airoraft ., 1974; -
- T ’ Toth-ét al. , 1673;
e Tt o oo . Ridley et al., 1973,1974,
PTURS <1 g Groundlevel -Lodge and Pate, 1966; '
.. i - ann.lyses Kellogg et al., 1872,
.4,7,\_ L3 A H * .
HCHO «1-2 Rain mly- Wofsy et al,, 1872;
iy . . . .8es, atmo-  Levy, 1973a,b; _ o
ST pEoe spheric Whitten et nl., 1978; -
: . models, Farmer, 1974. .
PP S S O R SRR N airoraft - . - o
HCl  <0.18 <.5 x 10° Atrerat  Farmer, 1074, ‘
"0 goa S4x107 Atmospherio cnnzen. 1071,
A L R models ., . I
HNO, ~0.01 Z2x10® Tropospheric Levy, 1972,
B T S T e T model -
OH €001 3 Atmospheric Leovy, 1969

(1.-6)x10
B KR

‘ Models * M¢Connell et al., 1971?



Recently, Breeding et al. (1973) have monitored the levels of NH3, NOz, SOz, HZS’ and
total aldehydes (RCHO) at ground level in clean rural air, They obtained background levels
for NH, in the range of 2-6 ppb, for NO, 1-3 ppb, SO, 1-2 ppb, H,S < 0.2 ppb, and

RCHO 1-2 ppb. Stratospheric concentrations are expected to be below these mixing ratios.

This report considers the feasibility of using molecular fluorescence techniques aboard
aircraft flying through the stratosphere. Detection limits have been calculated for:various
possible systems for most of these minor species. Owing to an interest in the chlorine~ - -
based solid fuel (ammonium perchlorate) for the Space Shiittle engines, limits have also. -
been calculated for such species as Cl, Clz, HCl1, ClO, ClO which may be exhausted -
in large quantities in the upper atmosphere: ' EEER s



LINE INDUCED ELECTRONIC FLUORESCENCE
IN GASEOUS MOLECULES

Fluorescence studies of molecules have long been a useful and practical tool in elucidating
molecular structure and the nature of radiative processes. . However, excitation with
monochromatic light sources, particﬁlarly laser lines, has renewed interest in the tech-~
nique since this provides a convenient method for selectively producing nonequilibrium
concentrations in specific electronic, vibrational and rotational states. Studies of the
fundamental processes that lead to the re-establishment' of equilibrium, such as rates of
relaxation, energy transfer, and radiative lifetimes, provide a basic wealth of general in-
formation. At reduced pressﬁre_s, in the aﬁsence of collisions, molecules emit a strikingly
simple fluorescence spectrum in many cases; which consists solely of a line progression
in v" and serves well to also accurately characterize the ground electronic state.

Line excitation of molecular fluorescence has its special difficulties and rewards. Owing
to the specific selectivity of the pumping process, suitable coincidences between atomic and
molecular lines are required. Generally, a degree of mismatch in the uv-visible region
must be less than about 0.4 cm"1 if an adequate overlap between the lines is to occur, and
even more exact in the infrared where linewidths at reduced pressures can be particularly
narrow. This constitutes a major drawback to the general applicability of the technique
since such coincidences are quite rare. By using tunable line sources or species with a
quasi-continuum absorption spectrum, the problem is alleviated to a large extent. The
magnitude of the fluorescence intensity is a consequence of a delicate balance between rates
of absorption, radiation and quenching. For a fluorescent system to be highly sensitive, it
is necessary to have an intense source located in a spectral region where the absorption
cross-section is large, and with an excited state lifetime short so that collisional gueaching
will not reduce the fluorescence efficiency.

Fluorescence can be excited in a variety of ways. These include illumination with a reson-
ance lamp or laser line, with continuum light, or radiation from radio-frequency or micro-
wave discharges. The term 'fluorescence' is also applied to photo-dissociation processes

that yield an excited fragment or to processes involving photo-sensitization with metastable
excited atoms. Fluorescence has also been loosely applied to systems where excited states

7
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prcduced in the initial absorption undergo reactions that lead to excited molecular species
which -ultimately radiate. Such an.example is that of mercury vapor where excitation by
means of the 253.7 nm Hg line results in a 335 nm band of ng. This is. explained;by:the
following sequence of reactions (Phaneuf et al., 1973), yod -

Hg + v (258.7 nm) “Hg (3p1) L mee wpe
H8(31)1)+ N Hg(3P0)+N . ‘ ' i
Hg (g + He+N, - Hgy C1) + N,

o ﬁg(slu) "4Hg + HEg + hv S T TS,

Since this exercise is to establish the feagibility of m’olecular ﬂuoi'esceric‘e as'a ‘stratos
spheric monitor of species at'the ppb concentration level, as free from spectral infer< *
ferences ‘as possible, only ﬂuorescence directly excited by line sources or specific band
systems such as CO, NO, or OH will be considered. Systems that require’ energy excha.nge
processes are not feasible at such low concentrations.

In order to illustrate the extent of gas-phase fluorescence studies induced by line sources,
a fairly complete survey of the literature has been made. All diatomic and triatomic
molecular species have been included. Electronic fluorescence for léirger polyatomic
species (mainly organic in nature) is not of interest in this current wofk, but has been
reviewed elsewhere by Parmenter (1972), Fluorescence studies excited by uv-visible line
sources are listed accordiiig to the molecular species, in alphabetical order, in Table II.
. This {llustrates, immediately, the extensivé number of fundamental studies that have been
reported, the majority within the last few years. The Table generally does not include
investigations utilizing continuum light sources, but an exception has been made in one or
two cases where quite narrow bandwidths were isolated, Likewise, emission band sources
such as the NO (AZDt’ in), CO (4th positive) or OH (A22+-‘ le'l) are not included. Such
alternative exciting sources are discussed in detail later in the appropriate section dealing
with these molecules. The spectral range of the fluorescence bands monitored is noted,
occasionally with some indication of their intensity. The absorbing transitions are listed
to indicate the states involved. These are quite often the original assignments, Some have
been corrected in view of later work but no extensive effort has been made to check their
current accuracy. Whereas some of them are quite well characterized, many are still un-
certain and further analysis of the particular states involved is necessary. In the original



analyses, trans‘ifions have often been identified either by a direct comparison under high
res’ohitioh of the exciting line with the absorption spectra to note the overlapping feature -
of"byhsing Franck-Condon factors and established molecular constants. The magnitude
of the observed P, R branch doublet splittings observed in v'" fluorescence progressions,
in many cases can identify the particular J quantum numbers involved. From Table II it
is poséible, by noting the ground state vibrational level involved, to assess the extent of
the absorption process as a function of temperature.

The ultimate in state selection in the uv-visible region is achieved using lasers oscillating
in a single mode. The spectral resolution becomes so fine that individual isotopic compo-~
nents can be excited (Dworet'sky and Hozack, 1973a). For a ﬂuoreséence analyzer, such
resolution is not required and the narrowness of the exciting ling is'"bnly important in the
context of maximizing the overlap with an absorption feature or mihimizing an& overlap, ‘

. with a possible interfering absorption line. o -

"



(Page 1 of 11)

e

- Table II. Line- Induced Electronic Fluorescence of Molecules in the Gaseous Phase
. [
Exciting Line Fluorescence Quantum States Involved
Species Aah., A vac’ nm Reported, nm _ in Absorption; v',v", .J', J" . Reference
AlO i ArT - B2t pt
465.789  (0.015W) Ar 465-564 (1,0~ 1,4) s pal 1,0; 17,18 Johnson et al., 1972b.
487.986 (1W) laser 485-564 (0,00, 3;1,11,4) s (o 0; 48, 49) (L.1; 57,56 S
447.0 Pulsed, tunable 8 2,0)
465.0 N, dye ] 1,0)
484.0 ldser - 8 0,90)
514.532  (1W) Ar' laser w B2- Xt Johnson, 1971.
BaBr $20.831  (0.03W) Kr' laser 520-540 (0,0~ 0,1) s cn-x%* 0,9 Capelle et al., 1973
520.8 Pulsed, tunable, N 520-540 (0,0~ 0,1) 8 ©,90)
dye laser
514.53;  (IW) Ar* laser 504:525 (11,8-11,12) (11,10) o .
Bacl 520,831  (0.03W) Kr” laser 513-532 (0,0~ 0,1) cn- x%" .1 Capelle et al., 1973
524.3 Pulsed, tunable N, + 513-532 (0,0~ 0,1) ©,1) .
dye laser . -
BaF 487.986  (1W) Ar” laser. fluorescence reported not identified Capelle et al., 1973,
514.532  (1W) & : et
Bao 450-650  Pulsed, tunable, N, 450-650 (U) s AlZ-x1L (y=0tov'=17)  Schultz et al., 1972
dye laser B
454-598 (1-4 kW peak) Pulsed (U) A 12-— X lL' (V'=0tovu'sll)  Johnson, 1972
tunable, N2 ‘dye laser . : R
457,935 (0. 12\-V)'Ar-+ '460 ~ 12,u") VW A L oxz 2,1;4 or5, Sakurai et al,, 1970;
N . 3or4) Johnson, 1971
472.686  (0.09W) laser 473~ (12, V") w (12,2;214lor1d1, 2021
- ; 154 1) )
476,486  (0.22W) 176 = (9,0") w (9, 0; 38,37)
487.986  (1W) 405-955 (8,0 - 8,16) s (8, 0; 49,48)
496.507  (0.5W) 496-1060 (7,0 - 7,17) 8,8 (7,0; 3,2) (7,0; 7,6)
501.716  (0.22W) . 496-1060 (7,0 ~ 7, 17) w (71,0;52 - 1, 53 ¢ 1)
514,532 (1W) 496-1060 (7,0 ~ 7,17) m (7,1; 19,420)
496,507  (0.2W) Ar’ laser 513.5  (T,1) ‘s Altexlt @021 Field et al., 1972a,b
568.188 (0, 065) Kr' laser 560-1000 (2,0~ 2,12) 8 A 12~— X 12 2,041, 40) Johnson, 1971
C . (2, 0;52,53) -
BeO 337.1 (100-200kW peak) N, ®R) w Capelle et al,, 1972
pulsed laser
442.7 @kW peak) Pulsed, (R) w Blr-xr 4,0
471.0 tunable, N, dye >470 (R) s (0,9)
473.3 laser o vw a,1)
BiBr 496,507  (0.5W) Ar' laser 481.5-528 (2,0-2,9) A-X 2,3) Capelle et al,, 1973
BiCl 472.686  (0.1w) Ar* 466-816 (0,0 0, 8) a0t -x0"  (0,2) Capelle et al., 1973
487.986 (W) laser . 446-556 (3,0 - 3,15) @.8) - t
514.532  (1W) - 451-545 (2,0~ 2,13) 2,9
rr, . 513.1 (1-4kW peak) 540-650 (U) B3+~ XL (y=31* or~40) Capelle et al., 1971
© 522.1 Pulsed, tunable 540-650 (U) u g ty!=27* or~31)
522.5 Ny dye lager 570-650 (U) iy'=27* or~31)
532.5 555 657 (U) W'=23%27 or 30)
541.1 ,555 and 590-650 (U) (¥'=20%,23 0r27)
549, 6 570-650 (U) (V=17+,20 or 23)
561.5 . 590-650 (U) (¥'=14*,17or 19)
.573.8 . : 590-650 (U) (u'=11%,13 0r 16)
587,4 610-650 (U)

' Main L\cxtatiun
s  strong; m, medium; w, 'veak; vw, very weak lntensmes
(V') spectrally unresolved; (R), resolved
hw  handwidth; EDL, electrodeless discharge lamp

kG kllog'{ubs magnetic field required to Zceman shift lnto coincidence -

10

(V'=9*,11 or 13)
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Table II. Lme— Induced Electromc Fluorescence of Molecules in the Gaseous Phase
* 7 Exciting Line ‘Fluorescence Quantum States Involved
Speei o Refe
?p.c-cxes g Ayger " Reported, nm in Absorption; v', v", J, J" : rence
Br (Cont) 597.0 610-650, (U) - (v'=6,8 or 10%)  * most probably
602.5 610-650 (U) (U=5*,7 or 9) excited
614,0 645-650 (U) (U'=3*, 6 or 7)
626.0 645-650 (U) (U'=1*, 3 or 5)
576, 960 Hg arc lamp fluorescence reported Plumley, 1933, 1934
579,066
. .
632,816 He-Ne laser fluorescence reported B 3!10 X 12+ Manke (priv. comm.);
A R . w g Kiefer and Schrotter,
1970
694.3 (0.2W) Ruby laser 694-759 (4 bands R) w B 3]'10 " X 12; (v >5) Kiefer and Schrotter,
u ’ 1970
79,79 514.532  Ar’ laser (singlemode) 522.6-523.7 (R) B - x'rtgr=3s42, 0732 Dworetsky and Hozack,
. B A Oyt g 1973a
’ : - 423 3'=43 42, 07422
; o -xl :
546,073  Hg arc lamp 556-760 (R) B b, XL, (21,0;73,74)  Plumley, 1933,1934
79, 81'Br 514.532  Ar* lager(singlemode)  522.6-523.7 (R) sﬂ ’-XIE (J'=20z2, Dworeteky and Hozack,
J'"'=19% 2) 1973a
' 546,073  Hg arc lamp 556-760 (R) (19,0:9,8) (25,1;63,64) Plumley, 1933, 1934
21,0; 77,76) ’
81,81, 514,532  (IW) Ar' laser 515-685 (39,1 —+39,16) s B311 -xlz (Y~ 39,0'=0, * Holzer ct al.,
To € Je15) 19702,b
514,532 Ar+'laser (single niode) 522.6-523.7 (R) J'=15+ 2, J"=16+2; Dworetseky and Hozack,
. J'=38+ 2, J"=3942) 1973a
546,073  Hg arc lamp '556-760 (R) (23,1; 18,17) Plumley, 1933,1934
C2 501,716 Ar+ laser " 455-560 (R) s A'3ﬂ - X:‘il'x1 (v' =0,1) Vear et al,, 1972
514, 532 (1. 5WY) 410-575 (R) ‘s L3 {v' = 0,1)
cD,0 308.2-353.5 (100kW peak) 420 (20 nm bw) (U) X 1A2-3’( !, (many levels  Yeung and Moore,
i ' Pulsed, tunable laser ,440 (20 nm bw) (U) i populated) ) 1973
(ruby +dye laser summed) 320-560 (U)
313.9 (200 kw peak) Pulsed 422 2 nm bw) (U) X 1A2»-3'<'1A1 (2 band) Yeung and Moore,
laser (ruby +573 nm dye 1971
laser summed) ) .
347.2 (6MW peak power) 422 (2 nm bw) (U) X 1A -~ XIAI (43 band) Yeung and Moore,
Doubled ruby laser 350-500 (R) 1971, 1973
CH 425, 0-435.0 Pulsed, tunable N 425-435 (0,0) w AZA'- le'l (0, 0) Barnes et al., 1973
dye laser
CH,0  326.2 (100 kW peak) Pulsed, 420 (20 nm bw) (U) xla,x'a (22410ban'd) Yeung and Moore,
. . 329.6 tunable laser (ruby + 440 (20 nm bw) (U) @ 48 band) 1973
353.2 dye laser summed) 420 (20 nm bw) (U) g -
(40 band)
; 337.1. (100-200 kW pezk) N, . 420-500 () s. Alagx'a,  @ds] basa) Sakurai et al., 1971b
” pulsed lager C )
337.1 (200 kW.peak) N, pulsed 350-700 (R) and (U) x 1A2-$( 1A1 (4 band) Aoki et al,, 1973
laser : A 7,
CHDO 307.1-352.8 (100 kW peak) Pulsed, 420 (20 nm bw) (U) ’ K1A2~511A1 (various levels Yeung and Moore,
tunable laser (ruby + 440 (20 nm bw) (U) populated) 1973 -
dye lager summed) 350-520 (U) .
337.1 {200 kW peak) N, 350-700 (R) and (U) Klag%'a; @papagt 4l Clevels) Aoki et al., 1973

4

'I:

Main L\cxmtion
strong; m, medium; w, ‘veak; vw, very weak intensitics

pulsed laser

(V) spectrallv unresolved; (R), resolved
bw  bhandwidth; ¥.DL, elcctrodeless discharge lamp

k(i kilogauss magnetic field required to Zeeman shift into coincldence

11
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Table II. Line-Induced Electronic Fluorescence of Molecules in the Gaseous Phase
Exciting Line Fluoreseence Quantum States Involved . v
S : R
pecies air' Ayger B Reported, nm tn Absorption; u', v", &', 3" ] eference
N R I AP 44
Ba, 487,986  (IW) Ar' laser 500-550 (22,1- 22,4) w A’m -xlt, (y=22,0"=0;.. _ Holzer etel.,
€ J=38:1) 1970a,b
. . . o
clo, 457.935 (0. 032W) Ar’ exciting line~700 (R) 8 A2—X2 B (1. ,0~0, 1 0)* Sakumi et al., 1971c;
2 465,789  (0.025W) laser g 0,5,0-1,0,0) cCurl et al,, 1973
472.686  (0.08W) s (0,2,0-0,1,0)
w {0,4,0~1,0,0) 1
476,486  (0.36W) ‘m,w {0,0,0~0,0,0)
487.986  (0.8W) m (0,0,0~0,2,0)  *{y}y vy Vs,
3™V
m (0,2,0~0,0,1) 2o
496.507  (0.3W) vw (0,0,0- 0,2, 0y Vgr by
501,716  (0.1W) v (0,0,0-0,0,1) ’
476,486 + 480-760 (R) ‘m "(0,0,0-0,0,0,. " * 3
) o i (17 bands) rotational states 23 22-3—242 ;Curl et al., 1973
mode 8o 35 70 37
: Py Xzf' ? i c
CN 386.5-388.5 Pulsed dye laser 421.6 (10 nm bw) (U) s BL'- o, 0) . . Jackson, 1973
co 130.603  Oxygen atom line 228-280 (9, 17~ 9, 22) Caln-x'T 022, 22) _' Tilford et al., 172
co;’ 58,433 He microwave discharge 288-458 (R) A l'h BZEu (COZ)-X12 (COz) Wauchop and Broida,
_ 1971
cs 257.610  (0.1-0.5A) Mn' hollow <800 (U) Aln-x'gt 0,08, . Stlvers.et al., 1970;
cathode lamp suv_ers>ax3d Chiu, 1972
244.555 O microwave discharge <650 (U) 2.07,7 |
244,58  CO'microwave discharge @,0)
244,618, (0.1A) Pd’ hollow 2,08,7)
cathode lamp
244,618,  (0.1A) Bb hollow ©,0:6,7) .
257.726  cathode lamp (0.0;12,12)
257.610  (0.03A) Mn" hollow {0,0:8,7)
cathode lamp
052 280-350 (5 nm bandwidth) 350-612.5 (R) Unassigned Lambert and Kimbell,
Xe lamp 430-650 (U) 1973
337.1 (100 kW peak) N2 367.5-555 (U) Unassigned Brus, 1971
pulsed laser 396,440,463, 480,503,537,
570,614 (15 nm bw) (V) ]
Cs, 457,935  Ar’ laser - (U) D or higher states Baumgartner et al.,
. 472,686 1970
476,486
487.986  (1W)
487,986  (0.15W) Ar laser 470540, 585615, 703-724 B or C States MoClintock and
, _ Balling, 1969
632,816  He-Ne lager 703724 (R) _
CuBr 487.988  Ar* laser 488-519.5 (0,0~ 0,4) A-xT (0, 0) Capelle et al,, 1973
cucl 476,486  (0.25W) Ar' Jaser 476.5-506 (2,1~ 2,4) e %'t e Capelle et al., 1973
D, 106,666  Ar microwave discharge 159-163 (4,14-4,15) (R) and (U), Blz:; - x12+ (4,0:6,5) . Akins et al,, 1970;,
! - o g Becker and Fink, 1971;
S Fink et al, , 1969,1972
H, 106,666  Ar microwave discharge 110-164 (3,1 -3,11) (R) and (U) W BIE:»xlz:; 3,0;1,2) ; . Akins et al., 1970;

(pressure broadened)

f

* Main excitation

s strong; m, medium; w, 'veak; vw, very weak intensities

{4
bw
kG

12

spectrally unresolved; (R), resolved
bandwidth; EDL, electrodeless discharge lamp
kilogauss magnetic field required to Zeeman shift into coincidence

B . by et

Becker and Fink, 1971;
Fink et al., 1969,1972
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Table II, L1ne-Induced Electromc Fluorescence of Molecules in the Gaseous Phase

(100W) Hg discharge
lamp

*  Main excitation

8 strong; m, medium; w, 'veak; vw, very weak intensities
(U) spectrally unresolved; (R), resolved
bw bandwidth; EDL, electrodeless discharge lamp

KG - kilogauss magnetic field required to Zeeman shift into coinocidence

- - Exciting Line Fl -
Specles uorescence Quantum States Involved
pec "w' XL«:' nm Reported, nm _ in Absorption;u', ", J, J" Reference
HD 104,822 azz"' Ar microwave discharge 130-166 ,6~5,15) (R) and (U) & B'E-X'% @ 6,02.3) Aldns et al., 1970;,
BT . P lamp Becker and Fink 1971;
¢ 7. " . 110-163 (6,1~6,15) (R) and (U) 8 (6,0:5,6) L p. lamp Pink et al.,1969,1972
R . 1380-166 (5,6-5,15) (R) and (U) w (5,0;5, 4) press. broad. lamp .
106. 666 . 110-165 (3,i-3,13) (R) and (U) s (3,0;2,1)
151-163 (4,10--4,13) (R) and (U) w (4,0;4,5)
. HP. lamp
He, 465.0 (1.5 MW pesk)Pulsed,  470.5 (3'=8, J"=8) (R) esl'lgo-a > (gr=8,an=T Collins and Johns
2 tunable dye laser ’ St" ’ ) 1972 | ermat,
L 499.6-640 (1-5 kW peak) Pulsed,  line - 650 (U) .lelo ~X s, ("5to~70) Capelle and Broida,1973
., tunable, N, "dye laser - u %g .
< (95, waveleﬁgth ’
505-595.8 (1-5 kW peak)Pulsed,  line - 650 (U) (1’'=11-16,19,22,23, 26, Capelle and Broida, 1972
7" v ., tunable, N, dye laser i 38,45,55) . 5
a7 waveleﬁgth
"501.718° (0,05 ) Ar' laser 507-650 (R) (64,0540, 39) (62,0:27,26)  Holzer et al., 1970a;
o 514,532._. Saw. T 520-650 (R) (43,0;12,13) (43,0;16,15) Yee and Miller, 1972
et 501 116 Art lager @) (?,0;27,26) Menke, 1970; Halldors-
il 532 520-583 (43,1-43,11) (43,0;12,13) (43,0;16, 15) son and Menke, 1970
501,716 Ar+ laser 507-629 (62,1 - 62,20) (62,0;27, 26) Lobet et al., 1971; Yee
and Miller, 1872
501,716  Ar® laser ®) (62,0527, 26) Levenson and Schawlow,
514,532 ’ {R) (43,0;12,13) (43,0;16,15) 1972
508,582 Cd Osram lamp [} (50,0341, 40) (49,0;8,9) Chutjian et al., 1967;
BN . Yee and Miller, 1972
508.582 Cd discharge lamp 510-650 (R) (50,0341, 40) (49,0;8,9) . Steinfeld and Schweid,
) 1970;Yee and Miller, 1972
514,532 A!‘+ laser 500-1300 (U) (43,0;12, 13) (43,0;16,15) Ezekiel and Welss, 1968;
: Yee and Miller, 1972;
Reuben et al,, 1973;
---- Youmans et al,, 1978
514.532 Pulsed and cw Ar"laser 520-611 (43,1~ 43,15) (43, 0;11, 12)* (43, 0;15,14)* Kurzel_ and Steinfeld, 1970;
: . . (45,0;63, 64) (49,1;19,18)  Kurzel et al., 1971
. (60,1;38,38) (51,1;52,53)
814,882 Ar+ laser (single mode) 520-858 (43,1- 43,42) (43,0;12,13) (43, 0;16,15) Dworetsky and Hozack,
. 1973b; Williams et al,, 1974
520,831  Kr' lager (R) (40, 0;78, T7)* (48, 0;145,144) Vigue and Lehmann, 1872
0,0; 152 151) :
530, 865 (32,0;9, 10)‘ (82,014, 13)*
8. (17,0;35,36)* (18,0 ,95 96) *
Yo (21.1;116,117) (21,1;122;121)
T (24, 8;22, 23) (26,9;111,112)
(27, 3;133,134)
' 647,088 (11,799, 98)* (12, 7;137,138)*
’ 520, aaf Kr' lagser ®R) (40, 0;79, 78) Levenson and Schawlow, 1972
S 630, 868 (32,0;9,10) R
568,188 (21,1;116,117)?
.'628.680  Ar' laser fluorescence reported - Dworetsky and Hozack,1973¢
546,073 Hg low pressure arc 548-700 (28,0-26,18) (25, 0) Arnot and McDowell, 1958
546, 073 (260W) Hg medium 548-888 (25,0 ~ 25,37) (25,0) Polanyi, 1958
- T pressure aro . o .
L 546,078 ) (v'=25, 26, 28) Chutjian et al., 1067

13
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Table II. Line-Induced Electronic Flurescence of Molecules in the Gaseous Phasé

Exciting Line
al rl x

» nm

Fluorescence
Reported, om

Quantum States Involved

fy
in Absorption; ', v", J', J" Reference

L (Con't) 546.073

129

1C1

KH

546.2-636.1

568.188

588.995

589.592

588, 995
589.592

632,816
632. 816

632.816

6514.532

520.831
568,188

582~610

682,816

832.818
694.3

440-470
480-498.

487,988
496.507

Hg low pressure arc

(1-6 kW peak)
Pulsed, tunable, N2
dye laser

(17 wavelengths)
Kr' laser

(1W within cavity)

Na lamp
Na Osram lamp

He-Ne laser

He~Ne laser
(intracavity cell)

(0. 080W) He-Ne laser

Ar' laser

“Kr' laser -

Pulsed, tunable
dye laser

(0. 050W) He-Ne
laser

(0. 001W) He - Ne
laser )
(2MW peak) Pulsed
ruby laser

Pulsed, tunsble N2

dye laser

cw Ar* lager

552.5 -.691 (25, 1~ 25,19)

line - 650 (U)

530 - 972 (R)

575-652.5 (15,0~ 15,9;
14,0-14,9;16, 0~ 186,9)
582-644 (14,0~ 14,9)

(]

601-806 (6,2 ~6,20;
11,1~ 11,11)

593695 (6,0~ 6,8;
11,0-11,12)

(R)

®)

600-800 (U)

630-700 (7,0~7,17; 6,0%  &,8,8 B ~X'Z;" (7,0; 81,82)

8, L" progressions)

>640 (U)

620-900 (R) and (U)

®)

,0-7,4)

8
()
bw
kG

14

Main cxcitation

strong; m, medium; w, ‘veak; vw, very weak intensitics
spectrally unresolved; (R), resolved

bandwidth; EDL, electrodeless discharge lamp

kilogauss magnetic fleld required to Zeeman shift into coincidence

ve (18,0385, 98) (17,0;36,37)

Steinfield et al., 1965;
Steinfleld and
Klemperer, 1965;

Yee and Miller, 1972

1
1331104;l -X l‘%ﬂzs. 0; 94, 33)

©'=0,3~14, 17, 20, 24, 25,

Sakurai et al., 1971a
v'=0) .

Sakurai and Broidﬁ..
1969a;
Yee and Miller, 1972

(15,2;44,43) (15,2;37,38) Brown-and Klemperer,
(14,1;106,107) (16,2;108,105)1964
(14,1; 113,114)

(14,1;106,107) (14,1;113,114) Chutfian et al., 1967

(15, 2;44,43) (15,2;37,38)
(16,2; 106,105)

6,3;32,33) (11,5;128,127) Menke, 19703
Halldorsson and
Menke, 1970

8akurai and Broida,
1970

s (6,3;32,33) (11,5;128,127)

(6,3:32,33)” (11,5:128,127) Kurzel et al,, 1972

By~ x'%, + 61£1,0;

11b,109) 5§ 41,1; 68, 67)
(40, 0; 72, T1)
(17,0; 19, 20)

Levenson and
Schawlow, 1972

w A3ﬂ1 -x1z* Holleman and
) Steinfield, 1971
Tango et al., 1968

(6,0;17,18) (8,1;72,72) .

(7,0;81,82) (6,0; 17,18)

Baumgartner et al.,
8,1; 72,72)

1970

'~ 11-16, v'~20) Abramov et al., 1968

+ +
Alzl XI5 =813, 150) Cruse and Zare, 1974

8 (7,0; 6,5) Cruse and Zare, 1974
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'\1am mcxwtion
s strong; m, medium; w, ‘veak; vw, very weak lntensiues
{Ui) spectrally unresolved; (R), resolved

bw bandwidth; FDL, electrodeless discharge lamp
kG kilogauss magnetic field required to Z

shift into colncide

Table II. Lme- Induced Electronic Fluorescence of Molecules in the Gageous Pha.se
Exciting Line Fluorescence Quantum States Involved
. . Referenc
Species s Agp vac' WO Reported, nm in Absorption; v', v", J', J" e
6 Li2 476,486 Al‘+ laser 452-604 (9,2 ~9,19; s Blnu.- XIEE"' (9, 3; 31,31) velasco et al., 1969 ;
- _ 11,2 ~ 11,21) s (1,5; 29,28) Ottinger ot al., 1970;
187, 936 488-555 (1,0~1,7) 8 (1,0; 41,40) Ottinger and Poppe,
(.« 514,532 478-555 (1,0~ 1,7; 8.8 {,3;41,40) (3, 4;45,46) 1971
3,0-3,8)
sLl T4 476.486 Ar* 1aser 468.5-572 5,1~5,13) 8 5,2;9,8)
496.507 496,5-544 (0,0~0,5) s (0,0; 45, 45)
?Ll2 476, 456 Ar' laser 469-571 (4,0~4,12) s 4,15 24,24)
- 487,986 480-650 (2, 042, 8) 8
514.532 470-596 (3,0-8,8; 8,8 (3,530, 29) (9,9:30, 37)
- - 9,3-9,18; 7,0~ 7,18) 8 (7,7:61,61)
P N
Na, 457.935 (0-02W) Ar* laser  470-560 (R) B X'E" (7,0727,0"  Demtroder et al.,
. © 465.789 (0. 02 W) m (17,4; 37, 38) 1969;
472,686 (0.02W) S, W, 9,1;38,37) (19,7;50,50) Bergmann and
» w  (13,4;10,9) Demtroder, 1972
. 476.486 {0.03 W) vs,s,  (10,3;12,13) (6,0;27,28)
. ] w  (10,1; 91,91)
v 487,986 (0.3 W) vs,m,  (6,3;43,43)(10, 6;42, 41}
m,m, (7,2;99,99)(9,5;56,55)
g w  (15,7;97,98)
496,507 {0, 025W) m,w (7,6;43,44) (8,7;28,29)
501.716 0.0z W) m  (5,6;37,38)
514,532 (0.3 W) m,m, (11,14;49,49) (2,6;84, 85)
m,w  (9,12;63,64) (9,11:96,97)
465,789 Ar’ laser ) 180-560 (L) Blnu - xlz¢ (17,4;37,38) * Baumgartner et al.,
472,686 g
(9,1;38, 3T 1970
476.486 (10, 3;12, 13) .
. 986 (1W y O3l ey !
487. 986 (1W) (6, 3;43, 430
476,486 (0.15W) Ar’ laser 534 (0.5 nm bw) (U) vs (10,3;12,13) (6,0;27,28)  McClintock et al.,
{10,1;91,91) 1969
. .
476, 486 Ar laser 512-535 (10,13~10,19; v8,8 (10,3;12,13) (6,0;27,28)  Sinha et al., 1973
) ‘ , 6,10 - 6,15) :
487,986 aw) Ar'laser 528.8 (6,14) (R) (6,3; 43, 43) Bergmann and
' Demtroder, 1971
487,986 (0.4W) Ar” laser 477-560 (6,0 - 6, 20) (6,3;43,43) Drullinger and
. 525 + 0.5 (U) Zare, 1969, 1973
632. 816 (0. 025W) Ho-Ne 590-850 (16,0-16,17; s A'ZH - X'T_(14,2:44,45) Johnson et al., 1970
. aser 14,0 ~ 14,19) s 116, 1
¢ ) ,19). s (16, 4;16,17)
640,107 (0. 01W) (11,0 ~ 11,23) s (11, 0;72,73)
w (20, 8;52, 51 or 46, 47)
NaK 187,986 (0.5w) ar' laser 470-580 (R) DMI- X! (u',0" = 7,1;10,3; Alzetta et al., 1873
12, 4;15, 6524, 10;28, 11;
28,12)
496,507 (V',0" =4, 2;7,4;10, 6;13, 8;
17,10;24, 19)
501.716 (', 0" =3, 3;8, 5;9, 7;15, 11;
01.7 18,11
514,532 (0. 86W) 500-560 (R) ',v'"'=1,6:4,8;7,10;
10,12;18,14)
568,188 Kr' laser 565-770 (R) By, cln-x'z
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Table II. Line-Induced Electronic Fluorescence of Molecules in the Gaseous Phase

. - Exciting Line Fluorescence Qu ‘ntum States Involved S t
S volvi
pecies Aair' Ajper TE Reported, nm in Absorption; v',v", J', J" : Reference
+ 1 xl Y ‘4 e
NaLi 496,507 Ar’ laser 485-560 (R) BN-XTZT ,0;28,29) - - Hessel, 1971;
(progression v''=0-10) Vidal and Hessel,
1972
NO 196,080  (3kG)(LOOOW) Se 196-365 (3,0~3,14 ) m A% -x@,0i1,5/2) " Melton, 1971;
203, 985 (13, 17kG) 27 MHz 205-355 (2,0 - 2,12y) w (2, 0;25,47/2) Melton and’
EDL Klemperer, 1973
206.279  (18kG) 210-500 (3,0~ 3,178) w BN X7 3,0; 5,13/2)
3,0; 10,19/2)
202.551 ©20kG) (1000W) zn* 205-470 (4,0~ 4,17 B) m v (4,0:6,13/2) (4,0;11,23/2)
206,191 (20kG) 27 MHz EDL 210-500 (3,0 ~ 3,178) m - (3,0:3,9/2) (3,08, 15/2)
204.169  (1000W) Ge 205-355 (2,0 ~ 2,12¥) A% - %0 2,0 K', 3"
204.376 27 MHz EDL 205-355 (2,0~ 2,12 ) vw (2,0; K', J"
225,600 (2kG) 226-320 (0,0~ 0,7 ¥) m (0,0; 16,31/2)
205.293 (19kG) (1000W) Hg+ " 205-335 (2,0~ 2,12 y) w (2,0;10,23/2) (2,0511,25/2)
226, 223 (16, 20kG) 27 MHz EDL  226-320 (0,0~ 0,7 y) w (0, 0;1,5/2) (0,0;14, 31/2) !
213, 856 Zn (90W) 2450 MHz 215-387 (1,0~ 1,12y) Q,0;19,35/2) (1,0;23,45/2) Broida and Carring-
. . ton 1963; .
EDL _ @,0:28,59/2) . Poland and Broida
214,488 cd” 2450 MHz EDL 215-387 (1,0 - 1,12 ) (1, 0;13, 25/2) - 1971a,b
213,856 (18kG) (1000W) Zn 215-845 (1,0~ 1,10 y) m @,0; 29, 59/2) " Melton, 1971
. Melton and
27 MHz EDL Klemperer, 1873
214,281 (12,21kG) (1000W)Te  215-345 (1,0~1,10y) . m (1,0;22,45/2) .
214,725 (2kG) 27 MHz EDL 213345 (1,0~ 1,10 ¥} m - (1,0;10,21/2) e
225,903 (13, 18kG) 226-320 (0,0~ 0,7 y) m (0,0; 7,11/2) (0, 0;10,19/2)
226,553 (18kG) 226-320 (0,0~ 0,7 ) m (0, 0;10,18/2)
214,438 (11,21kG) (1000w)Cd”  215-345 (1,0~ 1,10) s (1,0; 13,25/2)
226.502 (17kG) 27 MHz EDL 226-320 (0,0~ 0,7 y) s (0,0; 11,21/2)
214,438 cd” discharge lamp 214-300 (},0 -~ 1,7y) (1,05 13, 25/2) Gouedard and
* Lehmann, 1970
214. 438 cd* 2450 MHz EDL 215-330 (1,0~ 1,9y) (1,05 18,25/2) Germah et al., 1971
214,725 Te 2450 MHz EDL 226-268 (1,5 v) - (1,0; 10,21/2) Welnstock et al.,
230-420 (U) : 1972
226.345 (1000W) Al . : Melton, .1971;
226.909 27 MHz EDL 226-320 (0,0~ 0,7 ) w {0, 0) Melton and
226,921 Klemperer, 1973
16,16, 191,379  (1-2kG) (1000W) Se. _ 192-250 (0,0~ 0,7 6) oW, c?n - x*n(0,0) Meltan, 19713
191.919 (1-2kG) 27MHz EDL  192-250 (0,0~ 0,78 ) w (0,0) : Melton aind
e Klemperer, 1978
196,080  (4kG) 196-365 3,0~ 3,147) m - A% ~ xPn(s,0:2:6/2)¢ :
: (3,0:3, 7/2)
225.903 (1000W) Te 226-320 (0,0~ 0,77) m (0, 0,17, 31/2)
' 27MHz EDL
228,502 A7kG) (1000W) ca* 226-320 (0,0 ~ 0,7y) s (0,0;12, 23/2)

1Y}
hw
kG

16

27 MHz EDL

lv.l_a_{n excitation

strong; m, medium; w, -veak; vw, very weak intensitics

spectrally unresolved; (R), resolved

bandwidth; EDL, electrodeless discharge lamp
kilogauss magnetic field required to Zeeman shift into coincidence
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Lme—Induced Electronlc Fluorescence of Molecules in the Gaseous Phase

. ' ‘Exciting Line - Fluorescence Quantum States Involved
S - - volvi
Pecies Aair' A vac? DM Reported, nm in Absorption;v', v", J', J" Reference
NO, 404. ésé“ < (500W)Hg high 462-700(U), 436-785 - rge:sre;aali, 123%
407.783) pressure lamp (5-7.5 nm bw) (U} 8 Y/ *»
435. 833 ) 462-700 (R) and (U), s -
. : ) 470-785 (5-7.5 nmbw) (U)
“Sag.0m3 T 570~700(R) and (U), -
599-785 (5-7.5nmbw) (U)
576.960 594-700 (U), 635-785 m -
579, 066 TR (5-7.5 nm bw) (U) .
404,656 Hg high | . 470-785 (10 wavelengths - Keyser et al., 1968
407,783 pressure lamp with 5~10 nm bw) (U)
435,833 . B
546.073
576.960
579.066 . C e . .
422,0 (10kW peak) Pulsed, 430-700 (U) Unassigned Sakurai and
451.0 tunable, N, dye © 490~700 (U) Capelle, 1970
484.0 laser. * 500-700 (U) .
520,0 - yw
b 604.0 w
436.5’ Frequency doubled, 475 (20 nm bw), 25 % Za Sidebottom et al.,
“tw. . % Raman shifted, > 480, > 630 (U) 1 1 1972
ruby laser '
440-490 Pulsed, tu.na.ble, 520-750, 610-750 (U) - Sackett and
dye laser . Yardley, 1870
.+ 451,5-460.5 Pulsed, tunable, 520-750, 610-750, - Sackett and
o dye laser 660-750 (U) Yardley, 1972
454.4-455.0 Pulsed, tunable, " 520-750 (U) - Sackett and
dye laser Yardley, 1971
457.935 Ar'laser line-750 Continuous and discrete Sakurai and Broida,
465.789 (bands and spectral features over 1969b
472,686 continuum) (R) whole range
476,486
487,986 (0.15W) (5W within *
496.507 cavity) ;
501.716
514,532 +
461,915 Kr laser " line-750 Sakurai and
476,243 (bands and continmuum) (R) Broida, 1969b
:520.,83_1 o .
487,986 (0.25W) At‘+ laser 505~550 (R) 8 B - X2A =9, K'= Abe et al., 1971
514,532.- - (0.25W) .. 535-585 (R) s ¥ nendm}; mode excited)
487,986 (0.25W) Ar' laser 700-830 (U) ‘Tucker et al., 1973
514,532 Ar* laser 495-496, 534-536.5 (R)- s &-'32 A (Difficult to Abe, 1973.
) _ - E ’ - sign, ohe transition to KIS
.1632.81§? He-Ne laser w 2B, state from 000
gmmd state)
532 4 (IMW peak) Frequency 570 (40 nm bw), .-3t A Sidebottom et al.,
Li: st doubled, pulsed Nd . >570, > 600 (U) 1972
¢ <.: e e lager
593 4-594 Pulsed dye laser: 594-733 (R) B,*-'}v( A, (Weak fluor- Stevens et al., 1973
: 610-650 (U) é&scence dlso from 2 -
. o ] continuum observed) :
593.6 (0.05W) cw tunable, ~ ~ 620 (U} 232.&2 . Tanaka et al., 1973
dye lager (band to LY} = 1) (N9, x'-o, J' 17/2,19/2; 105, 109
o K J"=19/2, 21/2
" (N'=8,K'=1, .T'-15/2 17/24 91 o
I"=17/2, 19/2)
M Main excitation .,
s  strong; m, medium; w, 'veak; vw, very weak intensitics
(U) spectrally unresolved; (R), resolved .-
bw bandwidth; EDL, electrodeless discharge lamp
kG kilogauss magnetic field required to Zeeman shift into coincidence
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Table II.  Line-Induced Electronic Fluorescence of Molécules in the: Gaseous Phase

Exciting Line Fluorescenc Quan
Species - - e ; tum States Involved
Aah-' A vac® Om Reported, nm in Absorption; v', uv", J', J™ Reference
NO,(Cont) 647.088 (0.6W) Kr laser- 847-855(R) . 232—?:2 Brand et al., 1973a
Vv Vv vy,
2 0, 512403 0, 0.'
694.3 Pulsed ruby laser > 720 (U) B) - XA, Sld;bottom et ol.,
) - . - . 1972 -
NS 230,424 Ba’ discharge fluorescence from o’ - Xzﬂl ©,0) ‘Stlvers and Chiu,
lamp ~various K'levels 12 1973
oD .  307.158 Ba 2460 MHz 230-420 (U) - A% - x%10,041,3/2,1,3/2) German et al., 1973;
: flowing EDL QKT K3 Weinstock and
. . Zare, 1973
OH 282,17 Pulsed, frequency 303-315 (0,0} (R) A% - x’no'o™ K, 0 K", J";  Baardsen and
double, ruby-dye 1,00,1/2,1,3/2) Terhune, 1972:
282,58 laser (1,0;1,3/2, 2, 6/2) Wang, 1974; Wang
e : - and Davis,. 1974
306,766 Bi 2460 MHz EDL (R) (0,011, 21/2, 10, 19/2) _Carrington, 1959,
.306, 767 (0,0; 10,19/2, 9, 17/2) 1960 :
306,775
306,776
306,772 (15mA, 3W) Bt 310+ 10 (U) (0,011, 21/2, 10, 19/2) Hooymayers and
hollow cathode . 0,0,10, 19/2, 9, 17/2) Alkemade, 1967
lamp .
300-320 Frequency doubled, (0,0) (R) 6,0) Becker et al., 1972,
pulsed, tunable, . 1974
dye laser
307.206 Zn 2450 MHz, 308 : 5, 280-420 (U) (0,0:2,3/2,1,8/2) German and Zare,
heated EDL D 10698, b; o
: German et al., 1973;
Weinstock and Zare,
. . . I 1978
sz 496,507 (0.5W) At‘+ gingle 496,5-520 (4,0~ 4,8) 8 B-X (4,00 Johnson, 1971;
514.532 (1W) mode laser 490-520 (3,0-3,7; 8 " (3,6) (5,8) Johnson et al., 18728
. 5,0=5,9)
647,088 (0.3W) Kr' laser 630-670 (6,0 ~ 6, 4; s A-X (6,0 (83
. ‘ , 8.0~8,7)
Excited by most lines of Ar” and Kr” lasers
. .
PbBr 476,486 (0.25W) Ar laser 462-332 (5,0 < 5,22) w Aw inl/z 5,3} Capelle et al,, 1973
514,632 (1W) - 496-540 (0,2 ~ 0,14) w . 0,7
R : . L )
PbCl 461,918 (0.01W) Kz laser 449-540 (2,0~2,18) W A~ x”l‘l1 /2 2:2) Capelle et al,, 1678
487,986 (aw) Ar* laser 449-540 (2,0~2,18) W 2,6
498,507 (0.5W) 444-534 (3,0-8,18) w 3,9
614,632 aw) 464-548 (0,1~ 0,18) w (0,8) -
PbO . 420-485 Pulsed, tunable, 440-560 (R) s BleXT (0,0 (L,1) 3,0 Johnson, 1871
. ' Nz‘dye laser D : ’
+
Rb, 457, 985 Ar'laser ()] C=X" Baumgartner et al.,
2 1 1y + 1970
465,789 By C1XL
472,688 Bx - XL
487,988 aw) B~ X'T,

* Main excitation

strong; m, medium; w, ‘veak; vw, very weak intensities

8
(U) spectrally unresolved; (R), resolved

bw bandwidth; EDL, electrodeless discharge lamp
kG kilogauss magnetic field required to Zeeman shift into coinoidence
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Lme-Induced Electromc Fluorescence of Molecules in the Gaseous Phase
Exciting Line Fluorescence Quantum States Involved
Species | - afr’ xvac' am Reported, nm in Absorption;v', v, Jt, J Reference
: - Xz
Rb, (Cont) 487.986 (0.15W) Ar laser 593-608 (3 bands - B l'{{- s McClintock and
el : ) resolved) : ’ Balling, 1969
6943 Pulsed ruby laser 880-725 (R), 720-900 Blﬂ“ - xlE; ' ~2-8, Kostin et al., 1972
) " ~6-10)
s 292. 863 Mg spark source 286-375 (8,0 - 8,2) B3 - X°F.7 (8,1; K'=37,41) Durand, 1840
2 R) and (U u g
. 293.651 (R) and (U)
307.590 Zn discharge lamps 300-586 (4,0~ 4,25) ©,1; K',J',40,41, K", J", 41,42)  Meyer and
326.106 ca 303-562 (3,03, 23) ©.5; 42,43, 43,44) Crosley, 1973a,b, c;
' | . Yee et al., 1972
312,567 Hg lamp ? ,1; 70,69 or 70; 69,68 or 69)  Meyer and
313.155 (5.1 68,67 or 68; 69,68 or 69)  Crosley, 1974
313.184 (4,2; 14,13, 13, 12) :
. 334,148 (1, 3;30, 29, 29, 28)
., 365.015 . (0, 6; 30,30, 29.‘29) .
o e . .
L . . 514.532 Ar laser 306-531 (4,1~ 4,.22) w (4, 21342, 41, 89, 40)
78, - - -476.486 * s ' - - '
Se, Ar laser (R) w 5327“ (0;) - stg(ogj - Yee and Barrow,
a,13;~155, ~ 156) . 18722
. 8 1.9+~ (1) (2,13;67,66
. 487.986 ® ¢ u ( g:( i 66
o ' m ©;) - (0_) (1,15,55,58)
. m
, 1)~ (1) (2,14;~115, ~114)
t 514.532 w~ Ug _ .
A 483.5'586.5 w ne-aga (0,8;’“54.“'55)
0,4~ 0,16) : .
3. .
80e 476. 486 (0.1W) Ar” laser 417.5-502 (0,4 ~ 0, 15) 8 53}:‘; @~ xs!:;ug) Beattte et al., 1970 ;
e 2 . L . T (0,12; 16,15) Barrow et al,, 1871
487,986 (0.5W) 407,0-588 (1,8 - 1,24) - & (1)~ (1p) (L, 14339, 38) '
487;'986 Ar+ laser 460,5-658 (2,2 —~ 2,24) w n~-a(2,86; ~ 80, ..29) Yee and Barrow,
. 1972a
496,507 ®) ‘s BL (0] ) - %32 (og)
(0,18; 131, 130)
W (1" () (0,185 ~178, ~175)
501,716 ®R) v o0~ (0g) (1,16~149,~148)
w (I~ (ig) (0,14i~153,~164)
514,632 (R) w_0y- (o;) (8,21, 59,58) .
W (L) (lg) (0, 16:85,84) (4,18;41,40)
.
s0, 209, 986 Zn" high voltage 212-245(R) s B,-X ‘1"’x—1x (111,10-12;,11)8rand et al., 1073b
' 210,221 AC discharge lamp 215-289 (R) w (1”5,12 165 1)
213, 866 zn 214-245 (R) s B,-% a
213,856 Zn (18W) Osram 290-400 (U) Okabe et al., 1878
228,802 Cd diacharge lamp 290-400 (U), 330420 (R) .
216,24 D, flash lamp ) w DRI v Y 4IV{WW''p¥"gs Hul and Rice, 1972
.. L (o.Oalnmbw) 0,6.0,;0.0.0) .. :
216,93 W (0,5,0; 0,0,0)
218,78 w  -(0,4,0;0,0,0)
220,68 m (0. s.}oi 0,0, 0)
222,41 m  (0,2,0; 0;0,0)
224.8 8 (0,1,040,0,0)

*  Main excitation
s  strong; m, medium; w, weak; vw, very weak intenaftios-
(U) spectrally unresolved; (R), resolved

Lbw bandwidth; EDL, electrodeless discharge lamp

kG kilogauss magnetic field required to Zeeman shift into coincidence
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Table II. Line- Induced Electromc Fluorescence of Molecules in the Gaseous Phase
Exciting Lipe Fluorescence Quantum States Involved £
Species A A ger B Reported, nm in Absorption; v',v", J', J" Reference
SO, (Cont) 225.8 s &-%! A (1,3,0;0,0,0)
226.09 s D-%! Al (0,0, 0; 0,0,0)
227.71 s -%! Ay (1,2,0;0,0,0),
229,75 s (1,1,6; 0,0, 0)
230-320 Frequency doubled, 311 8 Morey and Penney,
pulsed, tunable 1973
dye laser
260-320 Frequency doubled,  310-450 (U) X'B-%'a Brus and McDénald,
pulsed, tunable, ©o1913
doubled Nd. Yag . -
dye laser
265 (1000W) Hg. Xe line-470 (R) A's, -X lAl . .Mettee, 1968 .’
275 lamp
285 .
296 : : :
302 .
313
266. 2 4th harmonic, 295-345, 295-395, Klp X 'a, Sidebottom et al, ,
pulsed Nd laser 365-395 (U) 1972
289,36 (1000W) Hg 300-525 (R) Kls -%1a Strickler and Howell,
296,73 discharge lamp 1968
302,15
312.57-313.18
128, 476,486 Ar' laser (R) s B o+ -X o; (2,6377,76) Yee and Barrow, 1972b
2 ' : , .
487,986 . ®) - s A o -X og (10,1; 79, 78y . R
. (R) w B o\l = X0 (0,6; ~177,~176) "
496,507 ®) W A0}-X oi (9,1;-~ 163, ~164)
- . T
501.716 ®) m A o:— X o+ (11, 4; 31,32)
. 468-590 (3,5~ 3,24) s BO'-X o; (3,11;97,96) - ot
(3,11; 85, 86)
514,532 457,5-576.5 (0,1 -0,20) e B o:- X o; (0,11;91,92) '
535-641 (0,5 - 0, 18) w BO+°-Xlg =9
130, 441,563 (0.05W) He. Cd" 437-670.5 (5,0 ~ 5, 35) B o*‘- X o (5,1;108,102) Degenkolb et al.’,-
€y laser 1971
487,986 Ar' laser ®) (Bt): - xo"g) B o -X o (0,6;~177,~176)  Yee gnd Barrow,
1972 ;
549-604 (0,70,14 B0, ~X 1g) :
TR W 4}

> Main ¢xcitation

s  strong; m, medium; w, -veak; vw, very weak intensities

spectrally unresolved; (R), resolved

(V)
bandwidth; EDL, electrodeless discharge lamp

bw
kG

20
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‘- INFRARED.FLUORESCENCE EXCITED BY .
-- . -~ <- -  MONOCHROMATIC SPECTRAL LINE SOURCES

PN

In principle, three poss1b1e techniques may be invoked using infrared ﬂuorescence. The
most stralght—forward and obv10us entails absorption in for example one part of the funda-
‘mental band with subsequent detection of radiation from another. In various instances

P branch laser lines have been used as the exciting source with detectmn in part of the

R branch, ‘which is isolated with an interference filter. Polyatomxc systems offer the
possibility. that the initially.' produced state may either be partially relaxed to an inter-
mediate state, which then fluoresces, or have an additional allowed redistive transition.
The third possibility invokes energy transfer from the vibrationally excited state, initially
produced, .to another species which then radiates. Such processes as.

LB T

“HCI (u=1) + HCI (v=1) = HCl (v=2) + HCI (v=0)
CO (1) + CO (1) - CO (2) + CO (0)

cannot be exploited at.the very low concentrations being considered here. However, at
higher concentratlons such energy level climbing mechanisms are frequently observed and
can produce ﬂuorescence at much shorter wavelengths than that of the excitor. For a
polyatomic SDGCIGS such as CH3F or CH3CI such mechanisms are so fast that a rapid
equilibration occurs amongst all of the vibrational modes, somewhat contracting the benefits
of single-mode excitation, Only the direct approach of excitation followed by the normal
fluorescence process wou{d appear feasible for the current applicatiou.‘-

The first laser excited vibrational relaxation studies were reported eight years ago (Hocker
and Kovacs, 1966; Yardley and Moore, 1966), from which time the field has become in-
creasingly active, interest centering particularly on energy exchange processes. Table III
has been compiled to illustrate the extent of the work that has already been accomplished
with line excited infrared fluorescence., This is a fairly complete and up-to-date listing

of the various reported investigations and illustrates among other things the potential line
sources that have been most used.
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For many such systems,owing to the long radiative lifetimes of the vibrational levels in
the groﬁnd electronic state, the fluorescence efficiency is much reduced and intensities
genérally are quite weak. This coupled to the fact that opto~electronic radiation detectors
in the infrared do not have the sensitivity of uv-visible photomultipliers, makes it appear _y
unlikely that infrared fluorescence is exploitable as a sensitive detection technique parti-
cularly for sub ppm concentration levels. Another factor to be considered concerns the
more demanding requirements for spectral coin'_cidences in this region, - Doppler broadened
linewidths in the infrared are very narrow at room temperatures, for example, lines in the:
fundamental NO band at around 5.3 um have a Doppler width of about 0. 004gcm_1. Pres-
sure broadenin?g' ié more important in this spectral region and at atmospheric pressure
can be an order of magnitude larger (Ludwig et al., 1973). However, at stratospheric
pressures of 10 to 100 torr, pressure broadening is much reduced, although still evident .
to some extent, and the requirements for a coincidence between exciting and absorbing
lines can be quite severe. In order to predict spectral coincidences, it is of course neces-.
sary to have sufficiently accurate spectroscopic data, In this instance it has to be character-
ized to better than a few hundredths of a wavenumber and refer to vacuum conditions. For
example, the frequency doubled CO laser line (00 1- 10 0 band, P(8) ) at 1909. 092 cm -1
-appears to be in better coincidence w1th the NO? Hl /o (1,0) R(19/2) line if the wavelength
for this is taken from James and Thibault's (1964) analysis (1909.139), rather than that .
of Shaw (1956) (1909. 16). Although this coincidence has been used by Stephenson (1973a)
to study vibrational relaxation in NO, the coincidence may not be sufficiently close, or
limited only to the wings of the absorption line at low pressures. It is not unreasonable
therefore, to éxpect that the fluorescence intensity may be strongly pressure dependent.:

Generally, 1as;e'r line wavelengths have been taken from the tabulations of Willett (1971) '
or the CRC Handbook of Lasers (Pressley, 1971). In many instances through more ac-
curate values now are available, particularly for various CO2 ( Chang, 1970 Schiffner, .
1972), CO (Mantz ét al., 1970; Yardley, 1970b; Eng et al., 1974; Roh and-Rao, 1974), and..
N, 0 (Sokoloff and Javan, 1972) laser lines. As an illustration of the rapidity of growth

of the laser f1eld 200 additional CO infrared lasing lines already can be added to the 1971‘
CRC Handbook of Lasers compilatmn.
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Table [I[. Infrared Fluorescence Excited by Monochromatic Spectral Line Sources

10, 532080 (949, 4800) P(14)
10. 653156 (938.6890) P(26)

) i0.513114 (951.1930) P{12) cw -
Co, laser

10. 532080 (949.4800) P(14)
10.551387 (947.7427) P(16)
10.571037 (945.9810) P(i8)
10.591035. (944. 1948) P(20)
10. 611385 (942.3841) P(22)
10.632090 (940.5488) P(24)
10. 653156 (938.6890) P(26)
10. 674586 (936, 8045) P(28)
10. 696386 (934.8952) P(30)
10.718560 (932.9611) P(32)
10. 741113 (931, 0022) P(34)

10, 571037 (945.9810) P(18) 50W

CO2 laser (COZ-NZ-He mixture)

10,591035 (944.1948) P(20)

'10.6 (940) cw CO, laser

-8pec Excitin Sonree Fluorescence Monitored Quan
o (g/X A (Aem’) Involved hl:ln;:::::ﬂ on Reference
va.c um, pm,
CHBCI 9.603573 (1041,2791) P(26) 002 ~13 (~770) vg band b4 l'A]_ {coincidences in vg band) Lee and Ronn, 1973;
Q-switched laser ~ 3% (~3300) vy, v, bands - weak Knudtson and Flynn,
1973b
9.603573 (1041,2791) P(26) CO, ~17.4* (~1350) v, band b4 1A1 (coincidences in vg band) Grebiner and Fiynn,
Q-switched lager ~3" (~3300) vy, v bands - 1974
CH3F 9.552428 (1046. 8542) P(20) CO2 ~3.4% (~2940) Vir vy bands X 1A1 (coincidences in vy band) Karny et al., 1972
TEA laser (CO -N -He mixture)
9.552428 (1046. 8542) P(20) CO ~3.4" ~2940) 20N bands 2 A1 (coincidences in Vg band) Weltz et al., 1972;
Q-switched laser ) Weitz and Flynn,
9.50-9, 67 (1033-1052) P(14)-R(34) No fluorescence except with 1973a;
P(20) line ) Grabineretal. , 1973
9.552428 (1046, 8542) P(20) 3.5W 002 ~ 3. 3 ¢~ 3030) Vis Yy bands X 1A1 (coincidences in y3 band) Weitz and Flymn, 1973b
Q-switched lager ~ 6, 7 (-1495);/ , ¥. bands
~8.6" ¢ 1160) vZ, bind
~ 4. 8  2080) overtone
) ~4.5% (2220) Vgt combination
13C F 9.657416 (1035. 4736) P(32) CO ~ 3.4* (~2940) ul, ll4 bands . X Al (coincidences invq band) Weitz et al.,1972
H3 ; Q-switched laser
Cl-l‘-1 1.6451 (6078) Er: Yag laser Absorption noted X 1A1 (coincidence with R(6) White and
BN 2u3 overtone band) Schleusener, 1972;
. Fox, 1974
3.3922 (2947.90) 10 mW He-Ne laser ~ 7.7 (~ 1300) (U) v, band X lA {coincidence with P(7) Yardley and Moore,
) V., band) 1966, 1968 a,b;
3.12-3.38 (2960-3200) Vg banQ 3 Yardley et al., 1870
02H4 10.233167 (977.2146) R(22) CO,laser Strong absorption noted b4 lAg(coincideﬂces in yq band) Hanst, 1971

~ 3 (~ 3330) Vg¥yy bands
~5* ¢2000) vq +vg, Vg V10
combinations

Robinson and Dake,

1A (coincidences in'vq band)
& . 1973a,b

9.9-11,2 (890-1010) (R) , band X-lAg (coincidences in y, band) Ronn, 1968

~ 10, 5 (950) v, band
~6,9" (1440) Via band
~3.8" (2990) i band
~3.2" (3105) v, band

b 2  (cotncidences in vy band) Bailey et al., 1571

*

Involves multiphoton absorption or, more generally, energy transfer

collisions to populate these higher energy levels.

8,m,w.

strong, medium, weak fluorescence.

(U}, (R) unresolved, resolved.
FWHM filter characteristic, full width at half maximum transmission.
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Té.ble [1I. Infrared Fluorescence Excited by Monochromatic Spectral Line Sources

Specles

Exciting Source

-1
: Xvm: um,(lAvaccm )

Fluorescence Monitored

] -1
Xum, (1A em™) )

Quantum States
Involved in Absorption

Reference
. X

C,H, (Cont)

co

10. 653156 (938. 6890) P(26)
CO2 cw and Q-switched laser

10,84101 (922,423) P(19)
N20 Q-switched laser

2,33372 (4285.00) (100W peak) Opt.
2,33555 (4281.65) Parametric Oscill.,
Nd. Yag laser

4,609845 (2169.270) R(30) Frequency
doubled (Te crystal) CO2 pulsed

. TEA laser

CO,

Del

et

4.641222 (2154, 605) R(18)
4.793113 (2086, 323) P(24)

5.05-6.20 (1610-1980) P lines CO,
flowing @-switched laser

10. 6 (940) CO, Q-switched laser
(COz-Nz-He mixture) .

10. 6 (940) 50W cw COzlaset

~ 4,9-5,2 (~ 1925-2040) DCI pulsed

' . laser (CL,-DI mixture)

~5" (1890) vtV v, +V
c?mblnzno!? (ls 10
3.22" (3105) v, band (U)
3.34% (2990) v,, band (U)

4.99% (2000) v +v
combtn&lot&o(R)

5.25" (2905) vytvg
combination (R)

Absorption noted

~4.7 (~2130) 2,1 band (U)

@1’ 4,09 U

2.3-2.7 (3700-4350) (U) .

(13, 11) to (2, 0) overtone bands

~ 4.3 ¢~ 2325) ()
(00°1 ~ 00°0)

~ 4.3 (2325) (00°1 ~ 00%0) (U)

~ 9.4 (1060) (00°1 <-02%) (U)

~ 10,6 (940) (00°1 ~ 10°0) (U)
(0.6 FWHM filter)

@,0) )

*  Involves multiphoton absorption or, more generally, energy transferr - - -

collisions to populate these higher energy levels.
8,m,w. strong, medium, weak fluorescence.

(U, (R) unresolved, resolved.
FWHM filter characteristic, full width at half maximum transmission.
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X lAg (coincidences tn voband) Yuan and Flynn

1872, 1973 ot

%1 - (coincidences in v band) Brunet and Voignier,
1969;

x 1z ot 3 (2,017, 6)

(2,0;.6,5) "

Sokoloff and Javan,
1972

Sackett et al.,
1973

x 12" 1,057, 6 at 2169.198 cm™)) Green and Hancock,

(1,0;3,2 at 2154,588 em™?)

1978b;
Stephenson, 1973b

(1,0;13,14 at 2086.328 cm™1) ”

x 12 5,4 t0 19,18

x 1:;; (00°1- 20°)

4 12:; (00°1 - 20°0) (V) . - :

x'c* a,0

Yardley, 1870a

Hocker et al., 1866;

- Moore et al., 1967;

Yardley and Moore,

- 1967; )
Alexander et al.,1868;
Kovacs et al., 1968;
Stephenson et al, ,
1968,,1971, 1872a,b;
Kovacs and Javan,

.1 1868

Rosser et al., 1969,
1971;

Rosser and Gerry
1969, 1971; 4
Heller and Moore,
1970;
"Stephenson and Moore,
1870, 1972;
Margottin-Maclou

et al., '1971;
Christophe and Offen-
berger, 1972;

Rao et al,, 19873;
Cramp and Lambert,
1878;

- Rosenberg and

Lowenstein, 1973

Offenberger et al.,
-1972

Zittel and Moore,

1873a,b
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Table III. Infrared Fluorescence Excited by Monochromatic Spectral Line Sources

Exclung Source Fluorescence Monitored

Species . Quantum States ’
-1 Reference
Aac um, (1A em™)) x“m. (1A em™) Involved in Absorption
DF  3.5811 (2792.4) PG) 0.5W, oW 3.23-3. 42 (2920-3095) x 12" 1,01,5) Stephens and Cool,
DF transverse flow laser, 1,0 band (U) 1971, 1972
(He-SFg-Dy mixture)
3.6128 (2767.9) P(6) {1,0:5,6)
3.6456 (2743.0) P(7) 1,0:6,7)
3.6983 (2703.98) P(5) 2,1:4,5)
" 3,7310 (2680. 28) P(6) (2,1;5,6)
: 3.7651 (2655.97) P(7) 2,1;6,7) -
3. ssn (2792.4) P(5) DF helical ,0) (2,1)* x 1zt (1,0:4,5) Ernst et al., 1973
pin laser-
3.6128 (2767.9) P(6) DF lager, 3.25-3,39 (2950-3075) x g 1,0:5,6) Hirichen, 1973a,b
pulsed pin, transverse excited 1,0 band (U) '
) ; (SFg-D,-He mixture)
- ~3.7 ¢~2700) P, _, lines DF, a,0) 2,1)" x gt 1,0) Bott, 1973, 1974;
pulsed, TEA 13} sFg-D,) Bott and Cohen, 1973b
HBr 4,017 (2489) P(4)’ HBr pulsed, TEA €0 @,1° x i (1,05 3,4) Burak et al., 1972a
laser (flowing Hy-Br, mixture)
4,047 (2471) PG) (1,0; 4,5)
4,078 (2452) P(6) 1,0; 5,6)
. 4,111 (2432) P(7) 1,05 6,7)
4.078 (2452) P(6) HBr pulsed laser 1,0) (2.1)' X'z 1,0;5,6) Chen, 1971a,b;
N (flowing Bro-HI mixture) Chen and Chen, 1972;
4,111, (2432) P(7) 1,0; 6, ) Hopkins and Chen,
: '4:144 (2413) P(@) (1,0; 7,8) 1972‘:- 1973;
& 1,0; 8,9 Zittel and Moore,
B . 4.180 (‘>2‘392) P(9) ( +9) 1973¢
HCHO .3.4883 (2866.7) Kr laser Absorption noted X 1A1 (coincidence in Hanst, 1971
. 3.4895 (2865.7) v, band)
3.5080 (2850. 6) Xe laser Absorption noted X lA ‘(absorption line mis- Sakurai et al., 1967
(He~Xe mixture) 1 matched by 190 MHz)
5.85519 (1707.887) Py - (13) Absorption noted X 1A, (cotneidence inv,band) Johns and McKellar,
CO laser 1973;
. Nielsen, 1934
HCl 1,7472 (5723.3) Pulsed, tunable 2,1) {1,0) (U) X IE+ (2,0; 3,2) Leone and Moore,

parametric oscillator (irequency
doubled Nd. Yag)
18,3957 (2944.9)

v

~ 3.37-3.70 (~2700-2960) HC1
P(1)-P(8), R(0)-R(3) Q-switched
laser (flowing H.Z-NOCI mixture)

3.57-3.89 (2570-2800) P(4)-P(13)
HCl pulsed laser (CIZ-HBr mixture)

" 3.63-3.81 (2625-2750) P(6)-P(l1)
HCI pulsed, TEA laser
(Hz-Clz mixture)

21" 1,0 (@)

1,0

*
@1

@'

-

8,m,w

strong, medium, weak fluorescence.

{U), (R) ‘unresolved, resolved.
FWHM filter characteristic, full width at half maximum transmission.

Involves multlphoton absorption or, more generally, energy transfer
collisions to populate these higher energy levels. .

1,0; 3,2)
x5 a,0)
x5z a,0

X 12+ (1-'0) ..

1973

Margottin-Maclou
et al,, 1971

Hopkins and Chen,
1972b

" Burak et al,, 1972b;
Noter et al., 1973
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Table III. Infrared Fluorescence Excited by Monochromatlc Spectral Line Sources

" Exciting Source

Species
(m

Avac um,

Fluorescence Monltored
A, (Aem’ly

Quiantum States

Involved in Absorption.. Reference

5%

pm,

HCI (Cont) -3.7345 (2677.7) P(9) HCl pulsed
laser (flowing Cli .
3.7708 (2652. 0) £(10) "
3:8085 (2625.7) P(11) -

<

HF 1.3404 (7460, 4) Nd. YAIO pulsed .
laser, tempermature tuned .

2.608 {3834) P(3).HF pulsed,. '
pin laser (flowing SFg~Hp)
* 2.640 (3788) P(4) s
2.7075 (3693.5) P(6)
2.640 (3788) Pid) 1W, cw

HF transverse flow laser- .
,.(He-SFs-Hz mixture) -

2.673 (3741) P(3)
2.7075 (3693.5) P(6)
2.7604 (3622.7) P(4) 0.8 W,
2,7953 (3577.5) P(5)
2,8318 (3531.3) P(6) °
2.640 (3788) P(4) HF pulsed,
o helical pin laser (H2-5F6 mixture)
. 2.7275 (3666, 38) P(3)
2.640 (3788) P(4) HF pulsed, pin, -

trangverse excited laser -
(SF¢-H,~He mixture)

2.7075 (3693.5) D) . .

2,7075 (3683.5) P(6) HF pulsed
laser (F O=HC1 mixture) .. -

2.7441 (3644.16) P(’l) HF pulsed ‘
TEA laser
. (SFG-CH4, CZHG' CSHG'He mixture)

10. 233167 (977.2148) R(22)
CO2 laser

10, 718560 (932, 9611) P(32)

NHy

" 2.4 (4170) 1,0 band (U)

3.33-3.52 (2840-3000) x5 1,0;8,9)

1,0 band (U)

"Chen et 2l., 1968;
Chen and Moore. or
1971a;b;

Hopkins et al., R 1973
Zittel and Moore,
4 o3 1873a,c .

; 1,0;9,10)  °
-+ (1,03 10,11)

2.7 (3700) 2,1) (1,0) X2 2.0:5,6) Bina and Jones, 1973

2.27-2. xz* a,052, - -

7-2.50 (4000-4400) 1,0; Bott, 1972;

2{.;5 bar;s (5550-8000) 2, 0°band Bott and Cohen, 1973a;
-1 an . . £ o1
0.8-1.2 (8330-12,500) 3, 0*band {1,0: 3,4) Blair et al., 1973

0.62-0.8 (12,500-16,000)4,0"band  (1,0; 5,6) el
0.55-0.6 (186, 600-18,200)5 0"band 1ot ’ .
©2.27-2.64 (3790-4405) 1,0 band X 'T' (1,0;3,4) ° ' " ¢ Stephens and Cool,
oo L, 197, 19725
. Ahl andCool, 1973
1,0; 4,5)
a,0;5,6) .
2,1;3,4) o
2,15 4,5) TN
2.1:5,6) ,
1,0) @,1)° (R) and (U) Xz 1,0: 3,4) _ Osgood et al.,
1972, 1973

2,1) 1,0) @,2)" @.,1;2,3)

2.27-2,47 (4050-4405) 1,0 band X 1Z' (1,0; 3, 4) Hihehen, 1973a,b

1,0;5,6)

2.27-2,50 (4000-4400)1,0band X 'E (1,0; 5,6) Atrey and Fried,

1971
x5 1,0;6,7) ¢y Hancock and Green,
' '1972a,b, 1973;
Green and Hancock,
, 19738

Absorption noted m X _1A1 {cotncidences in v, band) " Hanst, 1871

10. 741113 (931, 0022) P(34)
10, 764052 (929, 0182) P(38) ., - w
1
10.571037 (945.9810) P(18) 50W Fluorescence reported b 4 A1 (co!ncldences 1n uz band) Borde cla; :81 , 1966
cw CO, laser (COz-Nz-He ml.xtnre) Ronn, -
10.591035 (944.1848) P(20) - ) R . .
1o. 611385 (942.3841) P(22) " K
' 10.632090 (840, 5488) P(24) : ' .
CoeE . L »
10, 718560 (932.9611) P(32) €O, laser  Absorption noted X Al (Q (5,3) line, Wy band) Letokhov, 1978
: ; . Shimizu, 1970a,b;
. 5 (827.7425) P(13) N, O laser Absorption noted R A ('Q (8,7) line, v ,
1077885 ¢ ‘) % mismatch '?4 MHz) Shimizu and Oka,
; 1870a,b
Freund et al., 1973;
*  Involves multiphoton absorption or, more generally, energy transfer Jones and Eyer, 1973;
collisions to populate these higher energy levels. I VI T T -*ﬁrei:x‘er et gl}.}, d1917::‘,
: ’ e telner and Rudo
8,m,w. strong, medium, weak fluorescence. e . : Sty P
(WY, (R) unresolved, resolved. TR e et Lo
FWHM filter characteristic, full width at half maximum transmission. L R
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Table III. Infrared Fluorescence Excited by Monochromatic Spectral Line Sources

N

t I

-0 . Involves multiphoton absorption or, more geserally, energy tnnsicr
il collisions to populate these higher energy levels.

s,m,w. strong, medium, weak fluorescence.

(U), (R} unresolved, resolved.
FWHM 'filter characteristic, full width at half maximum transmission.

7

. Exciting Source Fluorescence Monltomd Quantum States
Species - Reference
- va,c um, (IA em” ) X“m' (1/A em” ) Involved in Absorptlon -
“mxs " 10.551387 (947.7427) R(16) CO, laser  Absorption noted y XIAI (R(0,0) line, v,band) ' Letokhov, 1973
w ‘7 10.114826 (888.6477) R(42) CO,laser  Absorption noted %! A, (R, 0)line, v, band)  Shimizu, 1970
NO 2. 70’!52 (3693.42) ‘P, _o(6) HF pulsed  Absorption noted X 2“1 /2(2 ,0;15/2, 1'l/ﬁat Nachshon and
‘ laser (8Fg-H, mixtufsf 5693504 om Coleman, 1973
Yy 7 - . .o PN
5.16667 (1935.484) Py_g(13) CO laser  Absorption noted b4 2115 /2(1.9%5 as/z sv/zlat itenzics. 1971
1935, 493 cm~1) + ;
5.18865 (1927.282) P, 5 . 2 X . Manty et al., 1970;
. s amLam e Toafpafts i o Liall,
. 5.26304 (1900. 043) Pg_y (8) ' 2n1/2&.o; 15/2, 13/2.at . ’
. 00,082) -
5.30682 (1884.369) Pg.g (13) z,-,s /21,05 5/2, 3/2 at
. 1884, 316
5.42648 (1842, 82) Pg_g (28) 2
5.42646 (1842. 821) P1g_p (17) S /200 "/ > /2t
» ) . .
5.21163 (1918, 785) P2) CO, ~5.8 (~1890) (1,0) 2,1)" } xzns /2(1 o' z'l/z 25/2 at Stephenson, 1873a;
frequency doubled, helical, 1918, 69 cm~1) James and Thibault,
pulsed TEA laser . 1964
5.28809 (1809, 092) P(8) ?nl/zg.og; ﬁ)/z, 19/2 at. _
5.31604 (1881, 098) P(24) 2n, /zils,at;; g{z. 1/2at
5.42988 (1841, 660) P{d4) 2ng /2(1.o; ;Z/z. 19/2 at -
5.4048 (1850, 21) Ne lager Absorption noted X znl /o 1,0:13/2; 1s/f at m '::;'13 ult,
1860164 em ) 1064; Shaw, 1956
5.4987 (1818, 6) I atom laser n, /o 040129/2,31/2 8¢
77 1818.74)
5.4987 (1818,6) I atom laser - Absorption noted X 2:18/2 (i.g;szgiz. 31{2 n'g ' ge‘uleﬂ et al,, 1970;
-1818.74 em™}) w, 1868
5.60438 (1784.33) Py, ,,(19) CO laser zn1 /2 (4, 0:41/2, 49/2 8t .
' 1784.40) " -
Noz 8.08059 (1688.212) Pyg_,,(13) Absorption noted : R "A, wgband colnoidences at Menzles et al, , 1970]
) CO laser 1ess. 228 om™}) ‘Menzies, 1871;
Mantz et al., 1970;
8.08862 (1651.303) Py ;o (8) 1681,504 gr}zz 12}0,
R T} ‘et al., 1974
6.12250 (1633, 320) Pyq_yg (6) 1633.301 Roh and Rao, 1974 '
8.17449 (1619.568) Ppy_,(10) 1618, 561
6.36789 (1570, 355) Pyy_g1 (10) 1570, 365
) 6.44076 (1852, 611) Pyy o (8) ‘ 1882, 614
' ", .8.48314 (1642, 462) st 220D - - mz 461
N,0 10,6 (840.0) 0,8 kW NgO Q- 4,5 (2220) (U) (100~ 000) 4 1}:" [100 (2224 om“) ~ . Bates et al., 1968;
switched laser (flowing . 001 (1285 om™ )) Yardley, 1988;
2O--He-N2 mixture) Margottin-Maclou

. etal,, 18713

Skimanoucht, 1972
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Species

Exciting Source
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Avae pm,

Fluorescence Monitored
Ay, (A em™})

Quantum States

‘Involved in Absorption
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Table III. Infrared Fluorescence Excited by Monochromatic Spectral Line Sources

Reference

SF

9.473060 (1055. 6251) P(10) CO
tunable laser

9.488355 (1053.9235) P(12)
9.503937 (1052.1956) P(14)
9.519808 (1050, 4413) P(16)
9.535972 (1048, 6608) P(18)
9.552428 (1046, 8542) P(20)
9.569179 (1045.0217) P(22)

'9,586227 (1043.1633) P(24)

9.603573 (1041,2791) P (26)
9.621219 (1039.3693) P(28)
9.639166 (1037.4341) P(30)

' 9.488355 (1053.9235) P(12) 200W peak,

CO Q-switched laser

9.488355 (1053. 9235) P(12) CO

pulsed, TEA laser (COg-He mfi(ture)

9.503937 (1052, 1956) P(14)
9.639166 (1037,4341) P(30)

9.694831 (1031.4775) P(38) CO,
stabilized laser

9.713998 (1029.4423) P (38)
9.733473 (1027.3825) P(40)

7.26430( 1376.596) P, (10)
CO laser 30-29

7.37583 (1355 779) P,

51-30 (@
7.40988 (1349.55) Py, oo (11)
7.44136 (1343.84) Py, o) 6)
7.45781 (1340.877) Py, 5 (6)
7.52561 (1328.796) Py o) (10)

7.4237 (1347.03) Ne laser

10.571037 (945. 9810) P(18) 10 kW peak,

CO Q-switched laser
10. 591035, (944. 1948) P(20)
10. 611385 (942 3841) P(22)

10.571037 (945. 9810) P(18) COy
Q-switched laser

10.591035 (944.1948) P(20) CO2
laser

~ 10.6' (-~ 943) CO, Q-switched
laser (C02—He-N2 mixture)

9.6 (1040) (U)
9.2-10 (1000-1087) (R)

Absorption noted

4.76" (2100) 0.2 um FWHM w

filter (101 - 000)

Absorption noted

Absorption noted

Absorption noted

. ’

~10.5 (~952)U3 band ()

16 (625) u band

Iy

~ 10.6 (~ 943) vy band
16 (625) V4 band

~10.6 (~943) v, band
16 (625) v, band

B,Mm,w.

strong, medium, weak fluorescence.

(U), (R) unresolved, resolved.
FWHM filter characteristic, full width at half maximum transmission,

28

Involves multiphoton absorption or, more generally, energy transfer
collisions to populate these higher energy levels.

w

€ gpedpgpgeoog

XA

%1a y{coincidences invg band) Robinson and

T Guaguardo, 1973

" % 1A (coincidence n v_band)*
1 3

b4 lAl(colncldencés invg b;ﬂd)

A (u band coincidences

at 1031 4618 em~1)
1029, 4450
1027, 3825

1

1 -1
137657 cm )

1355.83

1349.49
- 1343.87

1340.93

1328.79

%! A, (coincidences in
3.213.

X Alg {coincidences in Vs,

2vg, Vv gt/g bands)
X Al g(cuincldences invg,
21/3, Vatvg bands)
i’ A, (coincidences in U3,

2|/3 v +y bands)

x

ce

Vgt bands)

Gordon and Lin,
1e73

Rosen and Cool,
‘1973 -

L

Young and Bunner,
1 1974;
Chang, 1970

1

Wy band coincidences 8t Ménzies, 1971;

Shelton et al., 1953;
Yardley, 1970b;
Roh and Rao, 1974

D

x'a 1 ¥, band coincidences, at Hanst, 1971;
1346, 83, 1347.55 em”

1, shelton et al., 1953

Wood and Schwarz,
1970

[T S .
Knudtson and Flvnn,
1973a’ ¢ .

Brunet, 1967

Bates et al., 1970,
1971, 1972;

Bailey et al., 1971;
Garbuny and
Feichtner, 1972



PRINCIPLES INVOLVED IN ESTABLISHING THE
MOLECULAR FLUORESCENCE DETECTION LIMITS

“F LUORESCENCE SIGNALS

Atomic fluorescence, emission, and absorption techniques have become invaluable aids
for the analytical chemist and often complement rather than compete against each other in
resolving analyses problems. Their relative sensitivities have been well documented for
the various elements of the periodic table. Through their importance in this role, many
studies have been made determining the optimum operating conditions and eetabllshlng the
factors that control the reco;ded signal to noise ratios (McCarthy et al., 1967; Winefordner
et al., 1967 a,b; Jenkins, 1967; Parsans et al., 1967; DeGalan et al., 1967; Omenetto et al. ,
i973b; Svobada et al., 1973). The pflnciples invoked describing atomle fluorescence apply
equally well to molecular systems. However, the latter become more involved owing to the

* multitude of available rotational and vibrational levels which may be involved in either the
absorption or re-emiss jon of radiation. Consequently, a molecular flnofescence-spectrum
excited with a broadband continuum source generally will become complex as a result of

the many levele that are populated. Recent renewed interest in the technique is a result of
being ai:le to selectively excite particular rotational and vibratjonal states using atomic line or
laser sources. The resulting fluorescence in many cases then consists of rather simply
analyzed line progressions fn v". Dependent upon the radiative lifetime of the excited state,

. a molecule suffers many collisions with other gaseous constltuents before fluorescing, and
there is a certain probability that it will be quenched, either completely or partially, during
this period. The fluorescence efficiency is completely controlled by the relative rates of
the various radiative and quenching processes. Its spectral dependence is determined by
the relative Franck-Coridon factors for an electronic transition or a consequence of the
'appreprlate selection rules for rotation-vibration transitions. |

.-The kinetics of molecular fluorescence can be simply illustrated by.the following scheme:

Absorption NO, —Ba No,
Fluorescence NO, —= IjIQz + hv .
* kd , ,
Dissociation NO2 — NO + O
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k
Quenching N02* + M -3, N0, + M

* .
For such a system, assuming a steady state NO2 concentration, the total fluorescence
intensity, If, may be expressed as: '

I = kf Ia :

kf+kd-|—k(1 Ml

' where Ia represents the absorbed intensity. kf has the value of T-l where T .is:the natural
" - radiative lifetime of the excited state involved. Any evaluation of a process involving absorption
must entail a consideration of the line shapes of the exciting source and the absorbing line.
This has been discussed already in the literature for atomlc absorption and fluorescence
cases, approximate limiting case solutions being derived for systems involving continuum
or line sources, broad or narrow absorbing lines and conditions of high and low concentration
levels. In the present study line sources are to be considered. The absorbing gas pressure
(10 to 100 torr) is sufficiently low that an assumption of a Doppler shaped absorption line
Is a satisfactory approximation. Concentrations will be low and Beers absorption Law
applicable: - . '

/Y

]

exp (-n0, )

) o ' ‘
I,-1,=1, [1-exp (-ng, )]

I}

<hb %
i

where intensity of the incident radiation at frequency v

I, = intensity of the transmitted radiation at frequency v

I: = lntenslty of the radiation absorbed at frequency v
n = number density of absorbing species, 4cm—3 ‘

‘c‘ru - absorption cross'-sect'lon,' cmz, lat the frqduepcy v

£ = absorbing path length in thefield of view, cm."

Quite often, absorptions are described by means of an abégfptibn coefficient, k, em™! NTP!

(base e). This is a function of températufe, T K, and pressure, p atm, and is related to the
absorption cross-section by the expression (see next page):
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no, = p 28k
20

or g, = 3.712X107 "k,
Two limiting cases will require consideration, those resulting from a source linewidth being
broader or narrower than the absorption line. Consider a source of radiant intensity Is, watts

m'2 ster_l, of area a < Using a lens of area ag to collimate the radiation falling within
a-solid angle Q then the exciting radiancy is given by I, 2, Q /a watts cm_z. For a laser
L the correspondtng exciting radiancy
will be I /a watts cm ™ if the beam {s modified to have a cross-sectional area of a F

.. ‘beam of energy I‘L watts cm -2 and cross-sectional area a

For a continuum source, the total energy absorbed, Ia’ by a spectral line can be described
"by the expression:

1 =1 ag R -2
o a = ‘contimmum ——=-8 A5, watts cm
‘ F
where I° = amplitude of the continuum radiant intensity, watts-sec em”2

continuum ster-

AT =total absorption factor, sec™l. The fraction of the incident
radiation that is absorbed in the frequency bandwidth considered.

When the exciting radlation is a line source ° can be replaced by:

continuum.

L 2(1n42)1/ 2 / (ml/ 2 av))

which represents the peak amplltude of the source intensity and Av its line half-width (FWHM)
in sec” for a line with Gaussian contour The 2(ln2)1/ 2/17 1/2 factor is necessary to convert
the Gaussian half-width to a triangular half-width which slmpllﬁes the calculation of line areas.
Its value is close to unity. ‘Consequently, for a line source
22 1.
D R . .. 8°8.8 e -2

= A, watts cm
2 n /2 ap AV, T }

31



Thé total absorption factor, A is evaluated from the following expression:

o
I,-1I
o Yy "1y
A = [‘ — qv
T .0 IOV ..

= r (1 -exp(-no, 9l dv
. o . . N

._['m no, gdv, sec
: o . . . .

this latter approximation holds for the small values of n o, 4 encountered in. _thls study.
Evaluation of this integral is the crux of the problem and will be derived for the.two limiting

cases of specific interest here.

(1) Absorption linewidth much narrower than the source linewidth

It has been shown by Winefordner et al. (1967 a) that the integral in the expression for A

T
under these conditions reduces to:
A "172 | g 1AV -1
g = ‘n 7 . 8sec
T “omgl/2 ~° D7

“- where -c'o s the absorption cross-section at the absorption line center, and At)D the

‘Doppler half-width of the absorption line, sec™l. For this case the absorbed 1intensity
per unit area will be given by:" B : B ~

L = Iy 2, % nq ¢ AY, ,watt:scm-2
a AV

o 8 i i

7" (11) Absorption linewldth large compared to the source linewldth

In this case the Integration for A T is taken over the source line rather than the absorption line.

A _n1/2 c g AV -1
= n sec
T 2(1112)172 8 s’

I a @ -2
I = —25 no g vattscm

o
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A third case that may also be included at this point, owing to {ts simple form, concerns
the case where source and absorblng lines are of identical shape and are superlmposed.
In such a situation, the above expression reduces to:

1 a8 no ¢

8 8 5

— o -
Ia = 172 ° watts cm

ap (2)

In order to estimate the fluorescence signal, various additional factors need to be considered.
These include the fluorescing volume, aF!l.cm'a, in the field of view, the detector solid

angle, QF steradians, the fraction, f, of the total fluorescence that lies within the detector
bandpass, and the transmission factor, 6, for the detector wavelength discriminant. Taklng
these into"account for a system as in case (ii) the total fluorescence slgnal incident on the

- photodetector canbe described by the expression:

QF _ kf ) )
= . 9 .' . . . ; RN
R - If ——4" f kf : kd + % [MJ | IS as Qs nc‘ll,‘ watts

The first factor represents the detection efficiency, the second the fluorescence efficiency,
and the last the éxciting source energy absorbed. Factors aééountlng for any decrease in the
intensity of the exciting radiation between thé source and thefield of view, and similar
attenuation of the fluorescence enroute to the detector are considered to be negligible and have
not been included. The expression {llustrates the linear relationship between the intensity

of the fluorescence and the absorbing species number density which is observed-at-low
concentrations.

For a photomultiplier with a photocathode radiant sensitivity of C amps/watt at the detection
wavelength, and with a gain of G, ‘the fluorescence will produce an anode currept, ls’ glven

by:

ls = 'IfC G, amps
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THE NOISE'LEVEL "~ - . . - .. - . o

3

"The rms noise recorded by theé detector can arise from various sources.’ It'canbe’a =~ "
result of the contributions from the electronic circuits, from the photodetector, or from ~~*
the random fluctuations in the intensity of the excltlng source. Background dc levels arising
from scattered light or other spectes are regarded as Interferences:and do not contribute to
any fluctuations. In detection systems utilizing photomultiplier tubes at very, low light levels,
the limit of detection is generally controlled by the tubes dark current noise level. This is
the case for the NO chemtlumlnescent detector now I use ds a stratospherlc NO monltor,
(Ridley et al., 1972a,b, 1974). Inthis analysls It has been assumed that thé'tiolse level in
the exciting source can be made negligibly small or can be so controlled that detection will
likewise be dark current limited. The rms anode dark current noise, tan,;.smeasured with
a bandwidth of Af for a cathode dark current of 1

od 21Ps is given by the expression:
1/2

= (2 elcd Af) Ga, amps

where e is the electron charge, 1.6 X 10-19 coulombs, and 'a’ is a factor which:accounts

for random varlatlons in the lnterdynode ampltflcation 'a' decreases with lncreastng gain of
the first dynode stage. ., Operating the tube with a high flrst -stage galn glves a mlntmum 'a!
value which closely approxlmates to unity. Wlth pulse cmmting electronics a= 1 because the
contribution of every photoelectron to the recorded slgnal is made equal by”p}u‘lﬂse shaping.
Manufacturers generally quote the tubes anode or cathode dark current, or occasionally give
the equlvalent noise lnput of the tube. The latter represents a value of the radiant flux or the
incldent lumlnoslty that would produce a slgnal equal to that of the dark current ‘noise level.

Tubes of hlgh sensitlvity and low dark current noise level are required ln the detectlon of very
low light levels. Coollng to -20 C generally will be necessary to reduce the nolse level to as
low a value as possible. Dependent upon the photocathode materlal, this can decrease the tube 8
noise level by several orders of magnltude and is one way of produclng a slgnlflcant lmprovement
in detectlon performance.

AL

B

In thls analysls, the llmit of detectlon wlll be deﬂned as the concentratlon level at which the _
mean ﬂuorescence slgnal ls equal to the rms varlatlons of any de background signal. The
latter varlatlon wlll be assumed to approxlmate to that of the tube 8 dark current nolse level.

(4

b Thie
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OPTIMUM CONDITIONS

A comparison of the equations representing the fluorescence signal and the dark.current *

noise illustrate the various requirements for optimum sensitivity. These may be _sumxnarized

as: . , o , o
' (1) A-source with as high an intensity as possible, concentrated.in -

¢ ..o ~.a narrow.linewidth, and efficiently coupled to the fluorescence cell. - ..

e (ii) ‘A system with a high photon absorption cross- section. B

G400 - - . .
(iii) Dissociation and collisional quenching rates of the excited state

. should be small compared to the rate of ﬂuorescence.,

“.(ivy A light collection system of high efficiency with as long.a fluorescing
.- . path length as possible in its'field of view. SR L

(v) Fluorescence bands of high transition probability require to be monttored.
(v) A photomultiplier tube of high cathode radiant sensitivity at the

fluorescing wavelength region and low cathode dark current. Tube

gain is not a S/N controlling factor. iy

. ‘(v'ii) The fluorescent detector bandpass should be spectrally removed as
' ‘far as possible from the excitmg wavelength S0 that scattered light

- can be efficiently diseriminated against by choosing appropriate filter"
and’ photomultiplier cha.racteristics. ‘

I

For the low level cancentrations to be considered in these present analyses gas sample ﬂow
rates through the fluorescence cell will not be a controlling factor. In the NO ‘chemiluminéscent
reactor, radiation resulting from the NO + 0 chemical reaction is monitored and the detection
"system is optunum for high ﬂow rates. This results from the requirem;ent to maintain NO v
Aand O3 concentrations as’ large as poss ible in the fiéld of view. In ﬂuorescence studies although
_the eifective lifetime of the excited state 1s very short, reversion to the initial ground level
“state will not occur directly but via a chain of vibrational relaxation steps. At the low
concentration levels and the low absorption rates being considered here, only in cases where
a very intense source is used ina system with a relatively large absorption cross-section,
will a substantial fraction of the absorbing species be excited. Even so, at the pressures in
the cell rotational relaxation wﬂl rapidly equilibrate the absorbing state and no saturation \_
etfects are to be expected. Consequently, there would appear to be little reason to invoke :
high flow rates through the cell in the majority of cases.
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EXPERIMENTAL PARAMETERS
EQUIPMENT DIMENSIONS

In a general discussion, experimental parameters are always difficult to tie down to

specific values if many optioiis are available for the individual systems of interest. For
instance, in the present case, sources may consist of a laser beam, a hollow cathode

line source or an RF excited molecular source. The latter two would require a certain
degree of collimation using a lens or, possible, a concave reflecting mirror and lens
assembly for greater collection efficienéy of the radiating light. In such cases it has been
assumed that an f/2 system can be designed to couple the source energy into the ﬂuorescing
cell. That is the source has an effective aper'ture. of 47 /64 steradians. Slmllarly; the
detector arrangement might be one of several. ' Three possible approaches are illustrated

in Figure 1. The photomultiplier tube, fitted with an appropriate interference filter may

be placed close to the beam to maximize a collectiim solid angle with auxiliary mlri'oré

on the opposite side of the beam to increase the eﬁ’iciency'. Another approac_h might utilize
an inverse cassagrain (convex/torroidal concave) mirror system (West and Cressei‘, 1973)
or an elliptical reflector. An f/2 collection efficiency should be attainable with such systems
and will be the assumed solid angle in these assessments. The calculated detection liinits
can be scaled accordingly if superior or inferior Systems are designed. Observed beam length
will be assumed equal to the size of the photomultiplier photocathode. These vary in
dimensions and improvement realized in a lower dark current noise level from a smaller
photocathode will have to be offset against the reduced light collection solid angle of the
detector unless some focusing system is incorporated.

The transmission charactéristics of an interference filter depend on the angle of incidence
of light falling on the filter face. Its peak transmission is shifted to shorter wavelengths
for off-normal incident light. With filters in the ultraviolet through near infrared regions
the magnitude of this shift can be predicted by the equation; 3

)‘go =>\N a- sin2<p/b2)1/2

where ¢ = angle of incidence, measured from.the normal

A, = wavelength of peak transmission at an angle ¢
A N = wavelength of peak transmission at normal incidence

b = effective refractive index of the filter material, typfcally ~1.7
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This has to be considered in assessing the actual filter transmissfon bandpass, and it
generally imposes a certain restriction on the accepted angles of incidence. The latter can
be controued by placing a honeycomb grid in front of the filter face. "The magnltude of the
shift in the peak transmission for light at several wavelengths and at various' angles of
incidence is {llustrated in Table IV. I is to be noted that at larger angles these ‘shifts are *
quite slgnlflca;ht Restriction of the field of view, although undesirable from the S/N polnt
of view will bé necessary to maintain a desired wavelength bandpass. T '

TABLE IV. Wavelength Shift (nm) of the Peak Transmission " - S

of an Interference Filter with Angle of Incidence ¥ -

A m  5° 10° 20°  30° 40° 50"
300 0.39 1. 57 6.13 13.3 22.3 32. 2. .
500 - 0.66 2,61 10. 2 22.1 37.1 53.6
700 0.92 3.66 14.3 31.0 52.0 75.1 -

900 1.18 4.71 18.4 39.8 66.8 96.5 -
Measurements will be made on flowing atmospheric samples brought into the aircfaft by .
ram flow lines. These samples will flow directly through the fluorescence cell and will
be at slightly higher pressure than the ambient static pressure at the particular altitude
due to this sampling technique. A pressurized system can be invoked if the sehnsitivity
for a particular system is pressure dependent and there is a requirement to maximize
the response. Although this is undesirable, if it can be avoided, calculations for atmos-
pheric pressure samples have been included in this report for comparison. -

%

SOURCE INTENSITIES , . L

"Fluorescence studies require inténse light sources, free of self-absorption, .with relatively -
narrow lines and possessing minimum drift and intensity fluctuation characteristics. Such: :
sources are of prlme importance particularly for atomic -absorption and atomic fluorescence

" amalytical studles. As a result of extenslve development efforts, spurred by the wide-scale,

general accepta.nce of these techniques, a multitude of hollow cathode and. RF or microwave:,

excited electrodeless discharge lamps have become avaﬂable. In assessing the feasiblility. .,

of any experlment ,tncorporatlng such sources a problem arises owing to the limited documentation

‘available concerning the absolute lamp 'tntensltles and line shape characteristics. Manufacturers
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of hollow cathode and electrodeless discharge lamps tend to provide only the relative
intensities of the various lines emitted by  a particular lamp together with the analytical
detection sensitivity measured on a particular atomic absorption spectrophotometer.
Consequently, comparison of lamps of one manufacturer with another is rather difficult
since this sensitivity isa function of the entire instrumentation system employed and depends
for example on the particular flame burner efficiency, fuel mixture, light geometry and
detection electronics.

For specfificity, fluorescence studies require the isolation of a single exciting line from
others emitted by the source. This is generally achieved with a selective filter which may
be either an interference or glass filter, a chemical filter (Muel and Malpiece, 1969), an
absorption cell or a combination of these.

The suitability of four types of line sources, namely, metal vapor, hollow cathode,
electrodeless discharge lamps, and lasers, will now be described in some detail.

Metal Vapor Discharge Lamps

Osram and Philips gas discharge spectral lamps have been commercially available for

many years. Although available for only a limited number of elements, these have become

a convenient standard laboratory light source. Lamps are available for Zn, Cd, Hg; He, Ne,
Ar, Kr, Xe; Na, K, Rb, Cs; Ga, In, Tl. Generally more intense than hollow cathode lamps,
these can be subject to strong line-broadening and self-absorption effects. However, the Zn,
Cd and T1 sources have been used quite extensively in analysis work (Winefordner and
Mansfield; 1967). The Hg and alkali metal lamps are highly self-reversed; other metal
vapor lamps such as In and Ga are very weak. The lamps generally show a continuum back-
ground radiation. To illustrate the magnitude of the intensity to be expected for some of the
strongest lines emitted, together with the corresponding background at these wavelengths,
Table V has been compiled from some literature supplied for the varfous Osram lamps. In
cases where the background radiation cannot be ignored, steps have to be taken to discriminate
agafinst it by selectively isolating the particular line of interest with a narrow bandpass filter.

Where coincidence with a narrow absorption line is important, some consideration is necessary
of the isotopic splitting of the source lines in lamps containing a natural isotopic mixture of

the element.. Zn, Cd, and T1 all have two or more major stable isotopes. Herzberg (1944),

64 -1

for examplé, quotes the separation between the - Zn and 68Zn atomic ion lines at about 0.2 cm

““in the vicinity of 620 nm which is an order of magnitude larger than the corresponding Doppler
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Table V.

The Strongest Lines and Corresponding Background
Intensities for Various Osram Spectral Lamps

Continyum Intensity

Type A, om Line Intensity, . : _ "
W cm~2 ster-1 (x 10%) W cm™2 ster-lum=1-(x 105
cd 326.1 31 1.5~ © ° o
480.0 22 1.4 . -
.508. 6 25 1.3 .
Cs 455.5 ' .
& 459.3} 1.2 4.0
658.6 1.2 13
697.3 1.5 13
He 587.6 44 2.7 :
667.8 12 1.9
706.5 7 2.7
Hg 253. 6 520 4x107°
312.6 -5
313, 2} 1200 1x107°
365.0 . -5
366.3} 1330 1x1077
404-6 °6 ‘
407.8} 500 5 X 10_6 :
435. 8 700 <5X 1070 i
546. 1 800 <5x 1076
577.0 -6
279. 0 660 <5 X 10
K 404, 4)
4047 0.55 0.4
691.1 :
£93. 9 - 0.45 0.7
766. 5]
769.9 114 1.1
Rb 420. 2) '
. 421 51 0.9 _ 1.5
620.6 . _
' §29.8 1.1 . 1.0.
775. 8] o
775.9 138 45
780.0
TT 377.6 - 14 0.6
- °535.0 24 0.8
334.5 8.5 1.1
'468.0 :
472, 2} 20 1.8
481.0 21 1.8



width of a line at room temperature. Hyperfine splitting for those isotopes having nuclear
spin also has to be considered ln such cases. Bismuth, for example, has no isotopes but
four hyperfine components in its 412. 2 nm line resultlng from a nuclear spin, I = 9/ 2. The
resultlng total splltting is of the order of 2.6. cm (Herzberg, 1944). Consequently, these A
two effects which are relevant to any type of atomlc line source, may severely lmpair the
amount of energy in the source that overlaps the absorptlon feature. A lamp conslstmg of
only the pertinent isotope would then increase its useful output. The consequences of hyper-
fine nuclear splittlng cannot be avoided and.necessarily imply a reduced coupling efficlency N
with a narrow absorption line. - A '

Hollow Cathode Lamps

These lamps are available for more than 65 'elements, the major suppliers being - Perkin~"
Elmer, Varlan,~=l3eck‘1nan, Westinghouse, and EMI. Several years ago, for a limited period,
lamps were manufactured incorporating two discharg'es, one. to produce the cathodic sputtering
and the second to excité the atomic vapor. At the time, iiitensity enhancements of one to two
orders of magnltude were achieved over the conventional design (West and Cresser 1973).
These are no longer available. Improvements in deSign and a recognition. that the. brightness‘
was a strong function .of the filler gas made the conventional lamp sufficiently intense for its:
major applicatlon in atomic absorptlon spectrophotometers. Hollow cathode lamps are not a
particularly intense source of line radiation and comparison of the various manufacturers'
lamps is difficult through a lack of absolute spectral radiancy data. Prugger (1969) has
reported their absolute intensities and compared them with other radiation sources. His data
is reproduced in Figures 2 and 3. If operated in the usual continuous current mode the
intensities are generally less than an available metal discharge lamp. However, the lamps

do provide excellent stability with low noise. Neon or argon gases are used as fillers and
their presence has to be borne in mind. The resulting neon emlssion will offer most interference
in the 330 to 370 and 500 to 650 nm regions, argon in the 400 to 500 nm region. The temper-
ature of the discharge is moderate so that Doppler widths of the spectral lines are reasonably
small. Wagenaar and DeGalan (1973) measured the shape for various lines emitted for nine
elements (Al, Ca, Cr, Ga, In, K, Mn, Mo, and Ti) operating at a low current level. Their
data, reproduced in Table VI gives Doppler temperatures ranglng from 400 to 700 K. Increasing
the lamp current as.a means of increasing the emission causes a broadening of the linewidth
beyond that generally desired and self-absorption becomes increasing severe. These workers
also indicated that, except for a few elements (Ca, Si), hyperfine structure is the most
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Figure 2, Radlation of the Sensitive Resonance Lines of
Commercially Available Hollow Cathode Lamps
(from. Prugger, 1969)
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Figure 3. Comparison of the radiation - from several hollow cathode lamps

(0-0), high intensity lamps, with (+-+) and without (x - x) additional
arc, respectively, metal vapor lamps with the ‘specified current

(A -a ) or reduced current (A - A ) of 0.8 amps for Cd, Cs, K,
Na, and 1.3 amps for Zn. Concentrated glow discharge (a ~ =)
from Grimm (1968) and électrodeless high-firequency lamp data
from Mansfield et al. (1968). By way of comparison, the
intensities of a continuum, 0.003 nm bandwidth are illustrated:
black body.Xe arc: XBO .450 (+ +.- - +) at its, maxlmum W ribbon
at 3000 K (from Prugger, 1969). -
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Table VI. Linewidths and Doppler Temperatures of Various Hollow
Cathode Lamps (from Wagenaar and DeGalan, 1973) :

Experimental -

Transition a Current Profile Width Doppler. Temp,

( in nm) Make ‘ (mA) (10-3 em™1) ' Ky
Al 394.4 PEI 7 142 + 0.5 440 +.10
Al 396.1 PEI 7 86+ 1 480 T 20
Cal 422.7 PEI 6 65+ 1 590 + 208
Call 393.3 PEI 8 65+ 1.5 510 & 25
Call 396.8 PEI 8" 64+2 500 3 30
Cr 425.4 PEI 10 6131 . (680 * 20)
Ga 403.3 VT 6 223+ 1 550 & 10,
Ga 417.2 VT 6 1013 0.5 570 % 20

In 410. 2 ASL 6 44.45 14 630 ¥ 40 -

K 404.4 PE 7 621 430 ¥ 10

K 404.7 PE 7 60+ 1.5 410 3 15
K 404.4 of 1200 119+ 1 1200 & 100
K 404.7 of 1200 109+ 0.5 1000 ¥ 100
Mn 403.1 ASL 7 g 720 ¥ 10
Mn 403. 3 AsL 7 - 625 10
Mn 403. 4 ASL 7 - 630 +10 o
Mo 390. 3 ASL 9 75 + 2 (1600 + 100)°
Ti 398. 2 PE 15 80 % 2 (945'F 30)
Ti 399.0 PE 15 7472 (815 ¥ 30)‘0. .
Ti 399.8 PE 15 412 (815 % 30)b

(a) Hollow-cathode lamps: PE(I) is Perkln-Elmer (Intensitron), VT is Varlan Techtron_ '
ASL is Atomic Spectral Lamps.
Vapour discharge lamp: O is Osram (lamp was air cooled to reduce self-absorption).

(b) effective values calculated from overall profiles without spectrum simulation.
(d) single component line width not corrected for instrument broadening. R

(f) red shift relative tg hollow—cathode line in 10-3 cm 1 is 6 + 2: profile analysis
shows A0 0.090 cm

b A0° 0,032 cm™1, a-value 0.3 + 0.1. ~
(g) Doppler temperature after correction for self—abs'orptlon 510 K.
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important factor in determining the profile of atomic transitions. Bruce and Hannaford (1971)
have extensiﬁély' et}ldied the line profiles for a calcfum hollow cathode lamp and report
linewidths predominantly controlled by the Doppler component.

Imprdxi%m’ent"s‘:ln'“lafnp design since Prugger's experiments undoubtedly have taken place
and it may not-be unrealistic to assume that such lanps may now be available with '
slightly higher hitensities than those .lllustrated in Figure 2,

Dawson and Ellis (1967), Weide and Parsons (1972) and Omenetto et al. (1973a)have

assessed hollow cathode line sources utilized in a pulsed mode in atomic absorption and

atomic ﬂuoresc:e‘nce spectrometry. It has been noted that lamps that normally are operated
continuously at-some arbitrary current will provide much higher peak radiancies if pulsed'

at greater current levels. In the normal mode, in order to maintain a satisfactory heat
dissipation ,lnfl:he lamp, the current flow has to be limited. Pulsing at much higher current
levels enhances the intensity output by at least one to two orders of magnitude without
sacrificing the desired line shape characterlstics. In addition there is no corresponding
increase in the Intens ity of the spectrum of the filler gas. The enhancement obtained is
greatest wlth the metalsof lower melting points. For ethers, a supplementary low constant
current’ through the lamp is necessary. Results obtained for detection limits using hollow
cathode lamps operatlng in such modes compared well with those obtained with intense
electrodeless discharge lamps. In this pulsed mode, lamps generally are operated with a

low de current component upon which are superimposed short pulses (15-100 gsec) of up to

at least ten times the normal current rating at frequencies up to a kilohertz. Linewidths appear
unchanged (Dawson and Ellis, 1967 Katskov et al. , 1969), For the copper hollow cathode

lamp, for example, optimum operattng conditions were found to be: dc component 0.4 mA,

pulse current 300 mA, pulse width 15 usec, pulse frequency 400 Hz. These condltlons produced .
a 200-fold gal.n in llght output over dc operatlon at the same mean current. e

Electrodeless Discharge Lamps - Afomic

Analytical work has stimulated the development of radio-frequency and the more commonly
used microwave powered discharge tubes as intense and economical sources for more than

50 elements (Mansfield et al., 1968; Zacha et al., 1968). Excited by suitable coils, antennas,
or resonant microwave cavities, such lamps produce stable, narrow resonance lines with little
if any self-reversal (Bazhov and Zherebenko, 1971; Browner and Wlnefordner, 1973). This

is due to the nature of the discharge which maintains an intense relatively thin layer of excited
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material near the lamp wall. Their preparation, operation and performance has been
reviewed most recently by Haarsma et al. (1974). Although Headridge and Richardson

(1970) did report comparable detection limits for several electrodeless discharge lamps

and hollow cathode tubes, the superiority of the former, in the majority of cases by several
orders of magnitude is now well established. Smith(1971a) has illustrated their performance
for various elements relative to other light sources; his data is reproduced in Table VII.
Typical intensities for several such lamps are illustrated in Tables VII and IX for 2450 MHz
and radio-frequency (17-120 MHz) excitations. The latter also lists some measured line
half-widths. Jansen et al. (1974) have compared electrodeless discharge lamps:’(EZ:D:L) and
hollow cathode lamps (HCL) for strontium. Whereas the EDL gé.ve a half-width (F,WHM) of
about (7-10) x 10-'4 nm independent of microwave power the dc HCL half-width increased from
about (7-20) x 10~ wlth Increasing current and up to 25 x 10 -4
at which it was heavily self-reversed.

nm at its maximum rating

Generally home-made, such tubes are available commercially from Ophthos Instruments,

and EMI. Perkin-Elmer now are introducing a line of radio-frequency (27. 5 MHz) excited
discharge lampé (As, Cd, Sb, Se, Sn, Te) having very similar dimensions to their Intensitron
hollow cathode lamps and equally easy to use. Intensities reportedly are 5 to 10 times better
than the hollow cathode sources. Vacuum uv llne sources for H, O, N, S, C, F, Cl Br, A
Xe and Kr also have been developed with intensities greater than at least 101 quanta sec -1
(Davis and Braun, 1968; Clyne and Cruse, 1971, 1972; Bemand and Clyne, 1973).

Intensities are a function of the exciting frequency and can be several orders of magnitude

more intense in microwave than in radfo-frequency discharges. Also, the process that gradually
dlscolors the walls of the tube and shortens the lamp life, referred to as 'clean—up proceeds
more slowly at higher frequencles. Electronic modulation of such lamps often improves the
lamp's noise level and drift, besides also prolonging lamp lifetime (Haarsma et al., 1974).

When thermostated and operated at the correct temperature, the 2450 MHz excited source
appears to be the most intense, stable and long-lived source presently used in atomic

absorption or ﬂuoi‘escence work (Browner and Winefordner, 1973).

Electrodeless Discharge Lamps - Molecular

Such lamps have been used in molecular absorption studies particularly for OH, NO and
CO and have been excited with radio or microwave frequency discharges. Carrington and
Broida (1958) compared 150 MHz, 2450 MHz and 9000 MHz excitation of OH in a flowing
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__Table VII. Detection Limits g cm” ) in Atomic Fluorescence Obtained . .
By Uslng Dlﬁerent Excitation nght Sources (from Smith, 1971a)

: “Intensitron’®  “High-intensity  Electrodeless
Element line, ~150-Watt Xe arc  hollow cathode hollow cathodc -~ discharge tube
A ® ® ©) - - (@)

C Ag328l 02 . 0.003 0.002¢ 0.2
As1937 © L. B 1.0 - 04

T Bi3068 -- 200 - 10 0l

S Cd2288 0 - 20 - 0.1 C. 0.0001

. Cr35719-. .10 20 0.05
Co 2407 2.0 0.2 0.04 - . 0.04
Cu 3247 0.3 0.01 0.001 0.03
Fe2483 - 1.0 04 - BV N 0.008
Gadl72 5.0 ‘ 0.5 e 0.3
In 4105 2002 . 1.0
Mg 2852 0 0.01 0.001f e
Mn 2795 05 0.05 ‘ 0.01
Ni2320 30 ° 0.1 0003 ~  0.006
Pb 4058 = 3.0 - 1o - 002 006
Zn 2138 20 uy ©0.05. Sl 0.0002 .

~ % The u.sults gncn have been. ‘obtained on modified, comnurually .wzulablc atomuc
absorpuon instruments, namely, ‘Perkin-Elmer PE 303 (b, ¢ ), Hllger AA2 (d), and
Techtron AA4 (e, f) . Although not the best detection limits appearmg in the literature,

“thesc results have been chosen because they rcprcsent the fairest companson of the several
light sources. used. : :

oo
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Table VIII. Spectral Characteristics of 2450*MHz Frequency,
Electrodeless Discharge Lamps (from Mansfield et al., 1968)

Output power
microwavo

Element-lino supply - Sourco intonsity ~ Sourco r.m.s. Noiset Sourco drifty: - . - Self-
4 (pereent) (W/em? sterad) (W/em?sterad =1 /(A f)) (W/em? storad/mnin)  reversal§
Hy 2537 10 4% 103 3x 10-7 4 X 10-7(B) 8
Mg 2537+ 10 3 x 103 3 x 10~ 1 X 10-4(L) S
Ga 4172 ) 90 3 x 1073 3 X 10‘5 3 X 10-3(0) G
Cd 2288 100 2 x 10-8 . 4 x 10-¢ 2 X 10-3(0) S
In 4105 90 1 x 10-3 - <1 x 10°¢ <3 X 107 8
In 41051t 100 1 X 10°5 ' 2.x 10-¢ 4 X 1073(0) = G
Zn 2139 100 6 x 10-4 2 % 108 1 X 10-%(0) © .8
Ti 377611.%%* 100 5 X 104 1 X 10-¢ T 2% 1074(0) s
Ti 3776§§-*** 100 4 X 1074 3 x 10~ 4 X 10-8(0) S
To 2143 100 4 X 1074 3 x 10-8 2 X 10-5(L) —
Mn 2794 90 2 x 10-¢ 8 x 10-¢ 3 x10%L)y ' 8
Mn 2794t+ 100 2 x 1074 — — e G
Cu 3248 60 2 x 1074 8 x 10?7 2 x 10-¢(0) 8
Cu 3248 -60 2 x 1074 1x 10°8 1 X 10-5(0) -8
Cu 3248t 100 7 X 10-% 6 x 10-¢ 2 X 10-7(L) + 8
Sn 2863 70 1 x 10-¢ 8 x 10-7 8 X 10-6(0) G
Bi 3068+t 100 5 x 10-3 1x 108 2 X 10-%(L) S
Bi 3068 20 5 X 10°8 5 x 10-7 1 X 10-8(L) S
Mg 2852 100 4 X 10-3 8 X 10-7 5 X 10-8(0) VG
PbL 4057 . 100 1 X 10-5 3 X 107 ; 2 X 1076(0) . = ° s
T'b 2833 100 4 X 10-¢ 3 x 1077 8 X 10-7(0) ~ ]
Ag 3281 100 7 x 10-¢ 1x 107 4 X 10-7(B) .S
Au 2076 100 1 x 1070 1 X 10-8 3 X 10-8(L) S
Co 2407 100 5 x 10-7 — 1 X 10-7(13) S

* IXlements are listed in order of decroasing source intensitics. Lamps of Se and As wore not measured becauso
their resonance linos were outside the spectral response of tho detector. Lamps of Sb, Fe, Ni, Ba, and Ca emittod "
resonance lines too weak to bo detected. All lamps were 9 mm i.d., had 2 mm argon pressure, and woro made frown
the metal iodide except for the following: the commereial Hg lamp (see footnote §); the Zn, Cd, Te, and Hg lnmps
were made from the metals; the amalgam la.mps (see footnote **) were made from the meotals and were 11 mm i.d.;
the second copper lamp in the table is § mm i.d.; -3 the Mn and Bi lamps have 10 nun argon pressure and 9 mm i.d.
An intensity of 10~2 W/em? sterad for & 9 mm i.d. lamp corresponds to.a t,ot,al output radiant powor of about
0.15 W.

+ Source r.m.s. noise and source drift are relative to the source intensity for the specificd metal and lme The
frequency response bandwidth of the electrometer-amplifier-readout system is 1 Hz. :

$ 0, slow oscillatory drift. L, long torm drift. B, slow oscillatory drift superimposed on long term drift.

S S, no measurable self-reversal. G, moasurable self-reversal.

** Commercinl lamp (Ophthos Instrument Co., Rockville, Md.) . o .

t+1 Amalgam lamps (lamps contain a small quantity of morcury and 2 mm argon prossure as woll as a small
amount of’ motnl)

11 Ul lamp operated with no central arc column.

§§ T1 lamp operated with a central are column,

##+ A hontod nichrome wire was wrapped around the bulb of the Tl'lamp.
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Table IX. Basic Characteristics of Electrodeless Discharge Lamps
at 17-120 MHz Excitation Frequencies (from Baronov et al., 1969)

Filled with xenon, 1-3 torr

Working |& & e —
o0 currentg, ;;“5’ E Sg
2 ma o2 |Szjed , .
. - g =E —BE |€E8{53 Main lines emitted, nm
- -~ -~ o )
Q g ‘=" m‘g 3 ’ 3 %A '3 3 E g-
> & | B |S55 41385482
7 @ S5 |EolEiciEN ooz ol 2y
I Na 589,0 140! 90;1701180] 2,1 0,0l 1000 | 589,6; 589,0;
1 50 818,3; 819,4
11| Rb 780,0120| 70| 86(130; 9,3 10,02 1000 | 420,0; 421,5;
1 . ! 40 780,0; 794.7
| Cs 852,01200{ 75| 80|110] 5,8 10,08 1000 | 455,5; 459.3; 807,9; 852,0;
I 40 894,3; 1002,4; 1012,4
i K 769,9 {140 901'.—’0il40 6,1 10,02 1000 | 404,4; 404,7;
I 50; 466 .4; 769,9;
I | Cd 508,6 1180!100[150{160] 5,0 (0,006 | 1000 | 228,8: 298,0; 346,6;
I 60| 508.6: 643.8: 734.6. 7385
II'| Zn 481,0(200{140[175{175] 1,2 {0,003 | 1000 | 213,8; 328,2; 330,2; 334,5;
I 60 468,0; 472,2; 481,0; 636,2
Il Te - 535.0 [180}175{2601275{ 1,3 [0,0024! 100 322,9; 315,9; 276, 8;
1 : 110 377.5. 535,0
11 Hg . 435,8 1260(125/155/220! 0,8 {0,003 | 300 365.0; 404,7; 435,8; 546,1;
. 579.0; 253.6; 296,7; 312,6;
3340
1] Bi 306, 8 [250{260'260/260! 5 0,003 | 200 289,8; 222,8; 223,1; 306, §
11| Sb 231,11250{200{240{260| 2,5 ]0,003 | 200 252,8; 206,8; 217,5; 231,1 -
IH|In 303,9]250(160(160{240] 0,75 10,006 50 1| 451,1; 410,2; 325,8; 303,9
I1{ Pb 283.31250 200|260 260 0,75 10,0013 200 405,8; 217,0; 2833
‘I Sn 286,3 {250{ 80,1001100| 06,27 (0,002 { 200 452,5; 317,5; 286,3; 224,6
II|] Cn 324,71250[1201140]180] 4 0,003] 530 521,8; 578,2; 324,7, 327,4
-1 |'~se 203,9 (250| 80({100j100] — —_ 200 | 473,1; 207,5; 206,3; 203,9
* 1 1 cm diameter lamp
I 2 cm diameter lamp
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stream containing a trace of H O in argon at low pressure. The hlghest frequency discharge
produced only weak emission. Spectral intensltles from sources utilizing the other frequencies
were not particularly different, although their overall rotational distributions did vary sign-
ificantly. The radiation was concentrated in the A2 Th- X2 IT (0, 0) vibrational-band. Houghton
and Jachimowski (1970) have used a 28 MHz excitation frequency. As normallj operated, such
lamps emit narrow lines of Doppler shape. very suitable for analytical studies (Kaufman and
DelGreco, 1963). Intense CO (4th positive) bands (140-200 nm) radiate from discharge lamps
containing traces of CO or CO (Slanger and Black 1969; Comes and Fink, 1972). Felder

et al. (1970) indicate comblned output of about 10 quanta sec 1. Kurzeg et al. '1957) and
Young also have investigated discharges in N2/02 mixtures as a source of the NO band systems.
A high voltage discharge between electrodes in flowing water vapor/ argon or nitrogen, oxygen,
argon mixtures at low pressure in a capillary tube has been used for OH and NO absorption
studies, respectively (McGregor et al., 1972) Uranl et al. (1973, 1974) have excited NO
emission by applylng a 27 IV_IHz rad!o-frequency discharge between parallel plates in a cell.

Laser Line Sources

Lasers surpass the limitations of incoher-ent sources in many ways; they can radiate more
energy, produc’e short pulses, have DATTOWEr spectral lines and be better collimated and
focused. Table X has been compiled from a '"Laser Selection Guide' (1973) and the Laser
Focus Buyers Guide (1974) to ﬂlustrate whtch lasers are currently available on the commercial
market and give an indication of thelr power levels and operating wavelengths, The models,

cw or pulsed, can be categorlzed into one of four types, gas, solid state, llquld dye, or
semiconductor. '

Gas lasers, in most common use for practical applications, utilize either an electric discharge,
a chemical reaction, or gas-dynamic flow to produce the population inversion, Their
dimensions ge,_’uerallyv-ar'e not small sincé power output depends primarily on length, which can
be a meter or'more. Avallable potver levels are constantly increasing. Alferov et al.

(1973), for example, now have reported the initial development of the 500 W cw argon lon laser.
The natural llfetlmes of the excited levels involved in a laser transltlon are relatively short,
1078 sec 1s typlcal for an atomie transltlon, s0 that the natural llnewldth

15 PO O
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Red-Noar R

Table X. Commercially Available Lasers

cw < Pulged
Wave- Wave- ' " Max Average
length;- - - Power, | length, ,Pulse . - (Rep :-. - Power output,
- am Type w om Type Epergy, J Rate, He: ° w
228 Quad 0.1 25 Quad Nd. 0, 0025-0. 0750 0.02-50 1.0
Nd. Yag ) Glass : -
325 He. Cd  0.001-0.015 286 Quad a1 x 1078 0.5-24,000 0.8
- Nd. Yag . - .
350/35%8  Kr* 0.040-0.800 - 387 N, sx10®8 .03 1-1000, 3,0
381/364¢ ' Ar' 0.020-0. 740 347 Doubled  0,020:0.150 1:60 1.0
rudy :
3so/ss8  Kr* 10?8 _20x108 0.2
‘ 351/384  Ar* 2%10°® ., 20x10° 0.4
sx108 50-3000 0.18
354 Tripled 0,020 1-50 . L0
Nd. Glass . . .
364 Xe* sox 108 10 0.5mW
442 . He.Cd 0.005-0. 050 442 He, Cd' (5,0-7.6) X 10?108 0.018
454/514  Ar* 0.026-20 454/514 Ar* (0.008-1.0) X 10™> 60-3000 3.0
-462/876  Kr* 0.025-4.0 . 0.5x10®%-  20x108 10.0
_ : 482/676 Kr* | (20-60)X 1078 60 4.0mW
4607621  Xe*' x) i . T asx 1078 20 x 10° 10.0
532 Doubled  0.010-2 495/598 Xs* (20-180) X 1078 1060 0.010
Nd. Yag : :
633 He. Ne  0.0001-0,0500  475/679 Doubled  (0.2-1.0)X 10>  30-78 0.075
. Nd. Yeg . .o :
870 Doubled 1.0 811 cu' T(0.4-3.0) X 1072 1000 1.0
Rd. Yag .
526-700  Tumable  0.050-1.50 832 Doubled  0.0002-0.50. 0.5-24,000 4.8
dye Nd. Yag = . .
530 Doubled - . 0,85-2.0 0.03-0,08 4.0
N4. Glass : ’ :
. 40 Ne . sox10® 1-500 0.018
833 He. Ne 107 10 0.001
604 Ruby 0.005-400 " 0.01-108 100.0
220-980 Tunable s5x10% . 10,0 .’ 0.02-2000 10.0
, 418-3400 Para- (5-70) X 1078 122000 0.1
metrio Tz .
oscil- . :
Iator - )
x. sy
788/799  Kr* 0.030-0,180 . . 850 GaAlAs  (0.3-37.0)X10° 1000.5000  0.037
) o diods ’ : T
1084 Nd. Yag  0.100-1000 882 OaAs’ (0.080-2.0) X 10~ 10,000 30.0
diods ) .
1340 Nd. Yeg  0.100-12,0 . ‘1060 Wd. alass’ 1% 107 -1000 0.003-80 228
1152 He. Ne  0,0007-0,0800 1064 KNd. Yag'  0.0001-100.0 0.03-80,000 100
’ ) ‘ . tex107 (100-200) X 10° 0.8
. 048/1358 N&. Yag 70X 10°* -0.001  30-78 0,07
1840 N4 Yag . 0.040-0.080 0. 8-10 0.8
. . 1817 Ar 0,008 L1 0,08
3.391¥m He.Ne 80X 107 0.020 3.0/5.@iimXe 0.0001-0.00%0 - 10-80 0,08
8.0/8.8um CO' 20 "’ " 2.9/T.MmAr 0.0001-0.0020 " ' 10-80 0.08
9. 8/10. 8um CO 1-10 2.6/9.GumHF . 0.018-1.0 0.5-3.0: 2.0
10.am €O, 1-2000 S.eum Neo = 0.008 10 0.03
10.8m . NO ... 8 3.8/4.UmDF 0,8<0.7 1-8 1.8
28/83m HO 0.001-0.010 5.1/5.4m CO- ~ 0.001-0.100 0.5-80 8.0
311/83um HCN 0.001-10 9:1/11.04m CO,p 0.04-18.0 © 1-80 50
10.6m €O, 0. 004-1000 0. 01-3000 700
8/1%um N O 0/100-1.0 1-80 8.0
25/118um Hy0 a0-100)x10% * 1-30 0,001
126/3734m HCN 107 -10” 1-80- 0,020
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is about 16 MHz. Other factors, Doppler, isotopic, or Zeeman broadening are,more o
significant and overall linewidths of 5 GHz (0. 2 cm-l) are not uncommon in'.thejvi.sible' ‘
spectral region for gas laser systems. However, the laser output is not continuous _
over the broadened line but occurs only at discreet frequencies. A laser cavity is " ‘
resonant only for f:requencies whose corresponding wavelengths are integral multiples of
twice the cavity length. These frequencies or longitudinal cavity modes are separated
by ¢/ 2L where L is the cavity length. Consequently, for a laser one meter in length,
¢/2L = 150 MHz, so that about 30 modes can oscillate within the gain curve’ of the laser
line. At any instant, several of these modes will be oscillating simultaneously. ‘As a’
result the effective laser radiation has a characteristic spectral distribution given by

the Doppler gain curve. In fluorescence, to enhance the probability of a cbincidenc'e
between laser frequencies and molecular absorptions and to eliminate intensity fluctua-
tions, it may be preferable to use a laser in such multimode operation. Situations can
arise where fluorescence is very weak or may not be observed at all if a small gas

laser oscillating in a single frequency mode is uSed, but can become quite intense for

a long cavity laser having many axial modes. The competition between oscillations

at the various mode frequencies may result in large amplitude fluctuations ‘at the individ-
ual frequenciee on a short time scale. A However, the total poyver output will remain -
the same since when-one mode goes up another tends to come down. .In cases where the
absorption line is only partially overlapped by a multi-mode laser amplitude stability .
may not be satisfactory for these reasons unless integrated over a finite time period. .
When a very sharp line is required, this can be produced with single mode operation"
using ‘for example a tilted etalon as a frequency selector. ' '

The Ijoppler linewidth is proportional to frequency. Consequently, the cavity frequency '
spacing, ¢/2L is larger in the infrared spectral region than the Doppler widths and in

such cases the laser can operate only at a single frequency. In fact, in the very far infrared
the cavity length has to be tuned to the laser transition. Typical gas laser overall line-
widths (FWHM) are He. Ne, 633 nm, 1500 MHz; He.Cd, 442 nm, 1800 MHz (single -
isotope), 4000 MHz (patural mixture); Ar* , 488, 514 nm, 2000 to 7000 MHz; CO
100- MHz (Arecchi and Schulz-Dubois . 1972),

o 10. 6um,

Although many gas lasing transitlons have been reported (Pressley, 1971) few have yet
been exploited commercially. Rapidly advanclng E-beam technology undoubtedly will

increase the number of available’ gas lasers in the near future.
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Solid state lasers consist of a rod which is a transparent matrix doped with the active
material. They are pumped with flashlamps or other intense light sources. Ruby and
neodymmm are the best known examples and are available in small p0rtable sizes. By
lncorporating various non-linear optical crystals frequency doubled ruby, and up to
quadrupoled neodymmm lasers are available. L1new1dths for these lasers are quite
broad, typically being of the order of 6000 MHz for ruby and 6000 to 30, 000 MHz for
Nd. Yag lasers (Arecchi and Schulz-Dubois 1972) '

Dye or liqmd lasers constitute the best characterized class of tunable laser frequencies.
Efficiently pumped by flashlamps or other lasers, a particular dye proyl_des tunability
over several decades of nanometers for a particular .dye. A summary of the various.
dyes used and :their wavelength ranges is availaﬁle in the Handbook of Lasers (Pressley,
1971). . By using 2 highly frequency selective optical resonator (grating, etalon and '
mirror combination) the spectral linewidth can be narrowed to about 10-3 nm. Without
this sophistication, linewidths are much broader being typically 0.05 to 0.5 nm for
g'ratlng/minjpr cavities. Their overall dimensions generally are large owing to their
more complex nature. However, this has not prevented their incorporation into laser
radar equipment aboard aircraft (Fox et al., 1973).

Other tunable devices, cw or pulsed, are the s€mi-conductor lasers and systems
utilizing non-lipear interactions such as the spin-flip Raman laser, optical parametric
oscillators and optical mixers. A multitude of semi-conductor laser materials in the

1 to 30 pm region are in various stages of advanced development. Wavelength ranges
which can be covered with such-alloyed materials-are illustrated in Figure 4 taken from
Hinkley (1972b). Operating best at cryogenic temperatures these low power lasers can '
be tuned by cha,nglng their temperature, pressure, magnetic field orthe diode current.
They can be of very small dimensions. Also, linewidths are particularly narrow, that .

. .ofa Pb0 88 n,, 12Te diode laser at 10.6 um was measured as 54kHz (1.8 X 10 6cm )
(Schlossberg and Kelley, 1972). Spin-flip. Raman lasers. use a fixed frequency CO or co,
gas laser to pump a semi-conductor crystal in a magnetic field.- In general, . they may be.
_paﬂrt_:lculax-'ly useful in the 5. 2 to 6.4 4m range at low magnetic fields.. Other important
non-linear optical devices such as optical mixers and parametric oscillators rely on‘ the

properties of non-linear crystals. Parametric oscillators extend into the lnfrared to
N

about 4um and requlre laser pump sources.

BT ) 3

The lmportant contrlbution that lasers can make to the analytical fleld is rapidly gaining
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recognition, particularly for atmospheric environmental monitoring. Power levels,
amplitude and frequency stabilization now are sufficient for most applications.

LINE SHAPES

In low pressure systems, absorption lines are predominantly Doppler broadened and at
low temperatures linewidths are quite narrow. Typical magnitudes at 250 K for various
molecular weights are illustrated in Table XI as a function of wavelength. To fall within
this linewidth, coincidences have to be quite exact calling for wavenumber agrééments
between the source and absorption line to within a few hundredths or thousandths of a
wavenumber. The prediction of coincidental overlap can in fact be hampered occasion-
ally by the inaccuracy of available spectroscopic data particularly in the infrared where
lines are very narrow. For systems at higher pressures,  collisional or Lorentz press-
ure broadening begins to make a significant contribution as can be seen from Table XII,
particularly at atmospheric pressure or above. For such cases, a good apprékimation
to the total Voight linewidth is given by the expression (Whiting, 1968) o

2 1/2
AV + AV . [(AVL+AUN) 2 ]

AV, = + AV,
Voight ~ 2 2 D

i

Collisional and natural broadening halfwidths are due to a damping type of broadening
and add linearly whereas Doppler broadening is of a Gaussian type. These two different
types add quadratically (Svobada et al., 1972, 1973).

Consequently, in assessing previous fluorescence studies, _thelpperating pressure must.

be taken into account. At a lower pressure, fluorescence may no longer occur if the .
region of overlap depends heavily on the collisional broadening factor. Similarly, ,
attempts to prbfnoté fluorescence by increasing the systemg operating preésure, may b‘ev ,
thwarted by other factors such as enhanced rates of collisional quenching, ‘As previously
mentloned, considerations of fluorescing systems introduc'e: the problemg.normal}y y
encountered In high resolution spectroscopic studles. Wavelengths must pe :carefully S
" identified and refer to vacuum conditions, and the Spectral' pbsltlons of lsptopicia:.nd .
nuclear hype'rfthe components noted. Zeeman, Stark, or absorption pressure effect e
" studies are particularly useful in many instances in accurately establishing the closeness y
of spectral colncidences. Examples are to be found in the work of Melton and K]emperer '
(1973) who lnvestlgated NO fluorescence from the A22+ and B H states exclted by a
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WAVENUMBER (cm)~!

ol

WAVELENGTH (pm)

o103 . : 104 103 102
TTTTT T T mrrpr i | J1TTU T |
Pb,_,Sn Se | e
Pb_,Sn Te , .o
PbS,_ Se, r———dt
<+-——ipb_ Cd, S
Ir't7As|_xP! -
" In_, Ga, As 4
Al, Ga,_ As r—
Ga Asl_xP |
Cds, Se_, .
[ e N NN L1
S ! 10 100

‘ Flgure 4. Wavelength Ranges for Semiconductor Lasers Made

from Different Alloys and Compositions (from Hinkley, :1972b)
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Table XI. Doppler Linewidths* (250 K; MHz, cm™1)
Molecular B V ‘
) Wavelength, nm 1 - Ly
Spectes Welght 200 400 600 800 1000 2500 5000 10, 000
H, 2.0 11,955 5977 3985 2989 " 2391 956 “ws e |
H,S 34.0 2910 1455 970 727 " 582 233 16 s8.2 ]Mﬂz
- - - L PR TR 51
cl, 70.9 2016 1008 672 504 403 161 80.6 40.3
H, 2.0 0.399 0.199  0.133  0.099,  0.079,  0.08 ‘(- 0.016; .0.008;" 1
H,S 34.0 0.097,  0.048, 0.032, 0.024;  0.019, 0.007,  .0.003, 0.001, } cfn
cl, 70.9 0.067,  0.033; 0.022, 0.01;  0.013, 0.005, 0.0 0.001.
. 1/2 Sy
* AVD‘= % (%2_) = OA(]‘A)D o b SRR
w: BN
Table XII. Lorentz Pressure Broadening Linewidths (250K MHz, cm’ 1)' A
. 3T LU ed
' Pressure g ‘ )
10 torr 100 torr 760 torr * -
Spectes (1.333 x 10% Nm %) (1.333 x 105 Nm™%) - (1.013'x 10° ¥m~% -+
H,fnAlr =, . 62.21 622.1 . 4128 e
H,S in Alr. 24.47 244.7- 1860, ; : ] +i{MHz
Cl, lnAlr 25. 40 . 254,03 .1 ©- 19307 e
H2 in Afr 0. 00207 0.0207 0.1577, . T R
H,StnAfr ... 0.0008, 0.0081 . 0.0620, . ,.,]-,,.wvcm'l
C'.l2 fin Afr .. . 0.00085 0.00847' 0.0844 - o
* Collislon diameters: Air, 0.36; H 0 26; H S 0.30; Cl 0.36 nm Ch
Ay e 2 FRT .1/2 T v
AVL = = ( = ) = cA(l/l‘)L ‘ )
ounowhere d = colllslon diameter 3 -
. n = number density, cm™°, of perturber _
B U - = reduced mass, molecular welght (gms), of collldlng specles '
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variety' of Zeeman ehifted line sources.’ Slniilarly, Shimizu (1970a) has measured the
electric fleld strengths necessa.ry for about 100 coincldences between NH and laser
“lines of CO, and N 0. Sakurai et al. (1967) and Johns and McKellar (1973) have
examlned laser colneidences in HCHO and the deuterated compound at 3.5 and 5.8M4m,
‘ lrespectively. ‘Studies of the absorption as a function of pressure of the HF P 0(6)

laser lire by a line of NO at 3698.5 cm have accurately located their relatlve positions
(Nachshon and Coleman, 197 3). ’

From the point of view of designing a simple analytical technique suitable as flight
hardware, the possibillty of invoking such Zeeman or Stark effects to shift one of the
components of a source or absorption line into exact coincidence is not attractive.

Shifts of the order of 1 c’m'1 can require magnetic fields as high as 20, 000 'gauss (2T),
and electric field strengths of the order of 200 esu (60kV/cm). Such high intensity flelds
attomatically introduce a variety of experimental difficulties. However, as a more
general analyzer vs'uch considerations may be justifiable. This appears to be the case for
the extenslveefforts that have been directed into producing an NO monitor by Zeeman
shifting one of vllts. .abs'orptlon lines into coincidence with the CO laser line at 1884.37 em
(Kaldor et al., '1972; Bonczyk and Ultee, - 1972).

-1

For the species of current interest, vibrational frequencies are of the order 500 to 4000
em™l. In systems at temperatures in the vicinity of 250 K this implies that at least

95% of the species will be in the v =.0 level of the ground state. Consequently, only
fluorescence resulting from absorptions from this lowest level are relevant to this study.

SPECTRAL CONSIDERATIONS

" Fluorescent emissions have been induced in a wide spectral region ranging from the
vacuum ultra-violet through to the infrared.. However, in systems which contain air,
water Vapor, and only a trace of the species that is to be optically pumped, spectral
considerations alone may rule out the appropriateness of various regions. For example,
in the 0.74 to 25um region extensive band systems of CO, and H,0 eltminate all bt
various narrow window regions at about 1.06, 1.27, 1.55.t01.75, 2.04 to 2.35, 3.50 to
4.18, and 8.6 to 13.1 pm (Pressley, 1971; McClatchey and Selby, 1974). Sinillarly,
at the other end of the spectral range, absorption bands of the Schumann—Runge system
of- O (B Z - X I ) ‘lie below 200-nm a.nd merge into a strong dissociative continuum
between 17_5 and 125 nm, wlth complex absorption bands in the 100-125 nm region.
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Consequently, miost of the vacuum uv spectral reglon is automatically eliminated from
our conslderatlons For example, a path length of 1 cm of air at 100 torr absorbs at .
loast 98% of the incldent radiation at wavelengths between 135 and 160 nm (02 5x 1o cm?).
A 10 cm pathlength will absorb about 46% of the radiation between 120 and 135 nm '
(0210 %cm® ‘and at least 209 between 160 and 175 nm (02 2 x 10" %em?; Hudson, 1971)’
The Schumam-Runge band system (BX, - x% ) ltes between 175 and 200 nm. At low
temperatures contr!butlons from the v"=1 bands are small and the regbn then conslsts
of a band progresslon from u' 0to v'=21. Crose-sectlons lncrease trom a vatue of ’
about. 2x10 “2%cm? for the (0, 0) band at 202.5 m, to 2.5 x 10”2 em? for the (21,0)
band at 175 nm (Ackerman et al., 1970). Such absorption, besldes drastlcally reduclng ‘
the lntenslty of the lnctdent beam also constitutes a potential lnterference stnce ﬂuor- '
escence to hlgh lying v" values occurs in the uv and blue spectral reglons. Inwell ~
charaotertzed systems, !I an absorption line is known to lie within a wmdow of this ,
reglon, such that at least portions of the line are not overlapped by o absorblng llnes,
the ﬂuorescence technlque may stfll be feasible. By passlng the source line flrst through
a cell containing 0 it can be effectively reshaped so that it becomes completel,y trans-
pa.rent to curygen and absorptlon in a test cell then would only oceur with the desired
epecles. However, for wavelengths shorter than the (4, 0) band at 192 nm, the absorptlon
1ines are qutte densely populated and it is unllkely that such an a.pproach can be Invoked
here.

s .

i 4 would therefore appear from the outset that the most profltable spectral region for
sensttlve ﬂuorlmetry. most free from potentlal Interference effects wlll lie in the uv A'
and visible reglons between 200 and 700 nm. o K
SCATTERED RADIATION _ o . , -
Incident radiation is scattered by various mechanisms in a: fluorescence cell. Reeonance
fluorescence re-emits at the same wavelength as-the emitting source and its magnitude .
relative to.other fluorescent emissions at various wavelengths is controlled by the ; ,
relative Franck-Condon. factors. Rayleigh and Raman scattering effects also arise ...
through interactions with the varfous gaseous components of the mixture. The intensity -
of the.scattered 1light in these cases is inversely proportional to the fourth power. of the:.
wavelength. ‘Mie scattering from potential stratospheric partlculates can also arise and-
is much less. wavelength dependent being more lmporta.nt fn the visible and lnfrared L
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reglons'. RSP S

: Rayleigh scattered llght ls of the same frequency as that of the lncldent beam However, .
it viewed perpendicular to the direction of the exciting beam, It 1s almost completely
plane polarized with the plane of vibration perpendlcular to the common plane of the
lnc!dent and scattered beams If necessary, this feature oﬁers one well-recm.lzed
method for its partlal discrimination. However, large aperture polarlzers witha hlgh
rejectlon ratlo a.re very expenslve if avaflable at all. If the incident beam s plane
polarized, t'or example. uslng a polarlzed laser source, a matchlng of its vlbratlonal
plane wlth that of the incident and scattered beams will effectlvely attemuate the Rayleigh
scattertng toa certaln extent. Complete refection s not posstble owing to the finite =
angular size of the detector. Rama.n scattering for completely symmetrlcal vlbratlons ’
also results in hlghly pclarlzed llnes. whereas fluorescence 1s completely unpolarlzed
if exelted with non-polarlzed radiation. A polarlzed llght source will produce partlally
de-polarlzed ﬂuorescence dependent upon the collisional htstory of the excited state.
Rayleigh, Raman and Mie scattering occur ln approximately 10714 sec, whereas o
fluorescence llfetlmes fall in the range 10 -10 -9 sec. In the present case Ra.man
scatterl.ng wﬂl be predomlnantl,y from molecules in v = 0 and therefore, wlll consist
of one Stokes rotatlon vlbratlon band separated from the emcltlng wavelength by the '

=1-v"=0 energy (w - m: x em” ) ‘Overtone Stokes linés (A L2 2) are very
weak and can be neglected.

An estimate of the Raylelgh Raman, and Mle scattering effects s necessary ln these
assessments, Although 1t ts well known that’ they are extremely weak and their cross-
sections are many orders of magnitude below those for fluorescence, this may be
more than compensated for by the correspondingly large discrepancy between the
concentrations of nitrogen and oxygen and the ppb levels of the species of interest.’
Consequently, estimates will be necessary for the combined Rayleigh, Mie and reson-..:
ance fluorescence scattering of the incident wavelength in order to {nsure sufficient. -
blocking in the Interference filter of the detection system at this wavelength and prevent
leakage of light through the filter at any but the designated bandpass. Simflarlyby:. -
noting the location of the varfous Stokes lines, any.such interfering radiation can be.-
discriminated against by prudent choice of the exeiting wavelength-and detector bandpass.
The Raman shift in cm"1 for the molecules of interest-are: 00’2‘1285. 4,71388. L, 0y
1556. 2 and N2 2329.7.- 1t 18 not mandatory to eliminate these scattering effects since they
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will produce a constant background signal which can be removed by calibration. However,
too large a contribution to the signal will increase the photomultiplier noise and degrade
the sensitivity. Consequently, steps are recommended to minimize their effects.

Rayleigh cross-sections for a dry air mixture as a function of wavelength are given

in Table XIII. Penndorf (1957) has calculated the total scattering cross-sections and
their angular dependence. Taking the value for the direction perpendicular to the incident
beam and integrating over an f/2 detector aperture the required cross-sections for
scattering into the detector optics have been obtained. 4 Raman cross-sections are

typically about three orders of magnitude s;né.ller. Cooney (1968) obtained:

-3
.=1.88x10
? Raman/ ° Rayleigh

for N2 at 694.3 nm. Inthe current assessments, this value is assumed to be valid for
all wavelengths. Cross-sections for O and the two Raman-active vibrations for CO
(1285, 1388 cm ) are about 1.3, 0.9 and 1. 5 times larger, respectively, than for N
(Penney et al., 1972; Lidholt, 1972; Fenner et al., 1971}).

Scattered intensities, I are related to the incldeﬁt intensity, I°, by the expression:

scatt’
o
ISc att = 1" nog
where n = number density of the scattering species, cm_3

0 = scattering cross-section, cm?

As measurements are to be made directly on stratospheric samples brought into the
aircraft by Ram flow lines, particulates may be présent_ in the system to various extents
particularly at those altitudes where aerosol layers are known to be concentrated (20 km
in the Tropics). Elterman (1968) and McClatchey et al. (1971) have developed atmospheric -
attenuation models for various spectral wavelengths based on absorption and scattering.
Values for the relative importance of Mie to Rayleigh scattering as a function of altitude
and wavelength in the atmosphere can be derived from their tabulated data. Values from
the two sources are in reasonable agreement. Elterman's data are listed in Table XIV
and illustrated in Figure 5. It is seen that at wavelengths up to 500 nm, Mie scattering
is less or equal to the Rayleigh component of the scattered intensity. However, at longer
wavelengths particle scattering becomes more important and must be induded in any
assessment of the total scattered light. The extent of the sum of Mie and Rayleigh
scattering are calculated later for stratospheric samples at 10 torr (30 km) and 100 torr
(15km).

60



Table XIII. Rayleigh Scattering Cross-Sections for Standard Air
(from Penndorf, 1957)

T . Approxine te Croas-
Total Crosa- Cross-Section/ Sectlon for /2
A um Section, cm? Stersdian &t 90° Detector at 80°
0.20 2851210 2196 x 10728 wrx107™
0.11 2.802 1.7% 3.402
0,28 1.204 - 1.288 2725
0.23 1.838 [ —— 2,229
0. 1.811 9344210 1.83%
0.28 r.258 - 7.780 1577
0.28 1.057 6.537 1,283
0.37 8.959 x 10 5.540 1.088 =
0.28 7,645 4728 9,283 x.10 .
' 0.29 6.5688 4.083 7.975
.30 5.676 3.510 6.892
. 0.31 4.933 205t 5.990
0,32 4.309 2688 5.232
0.33 8,782 2.339 4.592
0.3¢ 3,334 2. 062 4.048
0.38 2.951 1.825 3,583
0.36 2,622 1.6 3,184
0.37 3. 337 1. 448 1,038
- 0.38 2,081 1,293 3.539
0.38% 1.877 1.181 3.279
., 0.40 1.689 1.045 28 2.051 .
t 0.4 1.625 2.431x 10 1.852
0.42 1.380 8,534 1.678
0.43 1. 252 1.748 1,520
0.4 1.139 . 7.044 1,383
0.48 1 n €. 419 1.280
0.48 9.462x 10 8,864 1,181
0,47 , 88/ 5.368 »
0.48 7.961 4.923 9,067 10
0.49 1.318 5% 8.884
i 0.50 8.738 © 4188 8,178
0.81 8,311 8.841 7.543
0.82 5.736 3,847 6.968
- .83 5.307 3.3 6,444
0.54 «“n1 3.041 8971
0.58 4,663 2.898 [0
0.58 4,299 s.688 8,147
0.87 3.945 8. 440 4190
0,88 3,078 2,373 ¢ 483
0.89 .42 3120 4188
0,60 3.202 1.980 3.808
0.61 2.994 1.882 %
. 0,62 2.803 1.733 3.402
L . .68 1.628 ToLeM 3,189
0.64 2484 1.5% 1.992
0.48 2.313 1.430 2.809
0.66 2,178 1.48 2,841
.07 2,048 1.268 2.484
0.88 1.987 1,108 3340
0.6 1.816 1,128 2,208
0.70 1.n2 1,089 2,080
o.n 1.618 1001 oo 1,968
0.72 1.589 . 9,486 x 10 1,887
0,73 1,448 8,042 1,786
0.74 1.369 8.468 1,662
0.78 1,296 e01s o 1874
0.78 1.2 7,600 1.492
0.17 1.168 7.211 1.418
0.78 1.108 6.840 1.343
L. T 1.081 6,500 1,276
0.80 9.920 x 1072 s.a17 ns
. 0.90 6,212 ’ . e 1.643 % 10
1.00 4.088 ) 2.514
1.10 2,111 1.7
. 1.20 , 1.05¢ 1208 4,
=3 L3 CoL4T T - 'Ue.783x10
1.40 1.082 6.508
1,80 70121070 . 4,934
1.60 o. 160 ©oT 8,808
1.70 4831 2.080
1.80 3,842 8,978
1,90 3,004 L 1.913
2.0 1.619 1. 2
2.5 1.021 . 6.376 x 10
. 3.0 4,968 x 10 3.07
3.8 2881 ° 1.658 oo
i “0 LEm 9.716 x 10
R 9.007x 107 6. -
5.0 6.434 3.0m
. 5.8 4,304 2.17
6.0 3,102 1.918
6.5 2,252 L33,
7.0 1.803 9,784 x 10
. 7.8 1.m " 7.860
8.0 9.818 x 10” 6.070
8.8 7.101 4.768
5.0 €187 3.789 CE
6.5 4.938 3.089
10.0 4.020 2.488
Lo 2,746 1.698
12.0 1938 1.8
13.0 1.407 9,701 x 10 :
L e 1046 - 6.48 80 - -
15.0 1.040x10°3 4910 0,841 107
B 16.0 6,133 3.798 [T
! 17,0 4.813 . 2.978 5.8H4 .
18.0 Yt 2.388 4,060
19.0 3,084 1.907 3. 748

20.0 2.012 1.883 3.0%0
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Table XIV. Ratio of the Intensities of Mie to Rayleigh
Scattering (from Elterman, 1968)

Altitude, km-

25

30

A, um 10 15 20

0.27 0.075¢ 0.133g 0.164, '0.1020 0.0664
0.36 0.2135 0.379¢ 0.466, 0.288, 0.189,
0.50 0.578¢ 1.026 1.261 6.7820 0.512,
0.65 1.433 2.540 3.133 1.935 1.265
0.90 4.511 - 7.989 9.835 6.083 3.991
1.26 ©15.71 $27.83 3435 2121 13.89
1.67 44.15 78.06 96.32 59.42  40.03
2.17 109.5 194.3 238.8 147.2 * 96.61
3.50 607.4 w1 1m 823.0 540.0

T
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Figure 5: Relative Magnitude of Mie to Rayleigh Scattering in the
. _Atmosphere as a Function of Wavelength (Elterman, 1968)



For a sample pressurized to atmospheric pressure it is assumed that all particulates
will be removed and only the Rayleigh component is therefore evaluated in this particular
case. ' v

Actual aerosol or particulaté concentrations in the troposphere are variable but generally
have a magnitude measured in thousands cm'3 at ground level. Their concentration

falls off exponentially to 5 to 10km and at the tropopause are of the order of several
particles cm_a. MecClatchey et al. (1971) have taken an atmospheric model based on
particle concentrations in the range 2 to 57 cm_3 in the 30 to 10km region. However,

. measurements in the Southern hemisphere have r_eported densities of 0.1 to 1.5 particles
cm'3 (Clemesha and Rodrigues, 1971). It would appear safe to conclude that the ratio

of stratospheric to ground level concentrations is of the order of at least 10'2 to 10-3.

Gelbwachs and Birnbaum (1973) have noted an unusual interference in their ground level
monitoring of NO2 concentrations at E1 Segundo, California. They report observing
broadband fluorescence in the visible region from aerosol particles. For heavy aerosol
loadings this interference was gqulvalent to NO2 concentrations as high as 1ppm. The
nature of the fluorescence, whether it arises from an organic component of the aerosol
has not been determined. However, the fact that the interference was removed by
filtering through a 54m pore size glass frit indicates that-the effect is produced predom-
inantly by large particles. Mean particle size estimates for stratospheric aerosols
have been made by Bigg et al. (1970), who find values in the range 0.2 to 0.8 4m and that
most consist of H2SO 4 with varying degrees of ammoniation. This coupled with the very
low particulate densities makes it unlikely that such an effect will constitute an inter-
ference even at concentrations in the ppb level for stratospheric fluorescence measure-
ments.

DETECTION SYSTEMS

The detection system will consist of a fllter, a photomultiplier and the necessary electronic
and recording components. Preliminary discussion has alréady been presented of the
possible need to restrict the field of view to 1imit the angles of incidence of fluorescent
radiation falling on'the face of an Interference filter (q.v. equipment dimensions). Such
filters are readily available and can be custom made to almost any desired specifications.
Accuracy is now such that filters can be centered to within 0.1 nm in the visible region
with required half-widths tailored to vex_"y close tolerances. Peak transmission is usually
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about 20% to 60%. Leakage through the filter outside of the bandpass is a critical
factor and filters are normally supplied with blockage (rejection factor) to better than --

5 in the uv, 10-3 to 10-5 fn the visible, and 10'5 to 10'4 in the infrared. They are
usually completely blocked on the short wavelength side and at longer wavelengths may
be complete or to the detector sensitivity limit. It is known that most filter glasses *
fluoresce particularly when irradiated with uv light. Interference filters are no exception
since ﬂuorescent glasses are commonly used as a substrate layer (Turner, 1973). How-
ever, for the intensity levels ln the detectlon system, this hopefully wlll not be a problem.
The use of chemical filters in certain cases should also be consldered suvz.c‘e prudent
choice may pfovlde the destred vchareclte'rlstlc with an ovérall higher graxismlsslon.

-

For optimum detection sensitivity using pulse-counting techniques a photomultiplier

is required with high quantum efficiency at the fluorescing wavelength and with a large .
cathode area but low refrigerated cathode dark current noise (Morton, 1968). In general,
the larger the factor: cathode sensitivity x cathode area/equivalent noise input, the
better will be the tube for this application, This consideration is necessary since dark
noise is a function of cathode size. Characteristics are listed in Table XV for the most
suitable tubes, 2" diameter or less, manufactured by RCA, EMI, and EMR. When cooled
to -20°C most of these have particularly low equivalent noise inputs (ENI) or dark current
count rates. Wide variations in dark current readings for a particular tube oftenarise -
and it s desirable that a required tube be individually selected for the desired property
(Rodman and Smith, 1963). Inthe development of the NO chemiluminescent detector for
stratospheric measurements Ridley et al. (1972a,b; 1974) have used the dry-ice cooled
EMI 9558, 9659, and RCA C31034A tubes. The first two of these produced NO detection
limits of the order of 0.03 ppb. Slight improvement to-about 0 .02 ppb was obtained with’
the latter RCA tube. This is compatible with the approximste manufacturer's eﬁeclflé'
cations listed In the table. However, for detection in the 300 to 500 nm region, owing to
its large cathode size, a tube suchas the EMI 9813 niay be superior. For the detection
of fluorescence over a narrow bandwidth, wide spectral response tubes are not necessary
and may aggravate detection problems. An optimum situation is one where the tube
discriminates against the spectral reglon of the exciting and scattered radiation.

Infrared detectors do not have the sensitivity of photomultipliers as is evidenced by

the fact that Bott (1972) while monitoring the fundamental band of HF at 2.7 4m could also
detect up to the AL = 5 overtone band.of HF In the vicinity of 600 nm in spite of its

much lower intensity. The noise equivalent power (ENT) of these detectors Is given by
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the reciprocal of the detectivity value (D*), which figure is usually quoted for a
particular material:

ENI =D 1 Wem lsecl/2 ' o g '
For a detector of area A, with a ba.ndpass of Af . " . ,‘ . - )
amevs o ENL = De T AYZARY2 ) atts.
In the 1 to 15 pm spectral reglon, values of D* are of the order of 5x 10 12 to 5 b4 10 10
W_l cm sec -1/2. so that w1th a bandpasi‘lAf 1 and 0.1 cm2 area equivalent nolse inputs

are of the order of 6 x 10 to 6 x 10
corresponding values for tiv - visible photomultipller tubes. Infrared photocathode

w, ‘many orders of magnitude larger than the

areas generally are‘much smaller than the 0.1 cm figure assumed here. “However, to
maximize the colléction solld angle in ﬂuorescence studies, as Iarge an-area as possible :
is’ required. .

-t

1 Tabe XV, Classctoiatcs of Some of the Most Suiale Photomiitisr Tubes

Tube_ . . Cathode I Spectral Stagesn Useful* IQuantum' Peak Cathode Sensitivity 7 Cathode Cathode. equivalent
e Material | Response, |- Range, !efficiency, Luminous : Radiant imenslons,| noise input, W
nm am | $ HA/Im mA/W cm 20°C -200C
LRI E B T e . . ] ' ] 8" ! -is
RCA C31034at GaAs 200-920 11 280-880 15-48 1000 155 0.4x1.0 |6x107" 1x 10
N . R U LT, . . | (10,000 cps). (12 cps)
-16 . -
EMR 681B-01-13) GaAs - | 260-900 .| 13 | 290-870 7-22,e. 600 73 0.76x0.51|8.5x10 ~ ‘1x10 18
- : e : A ’ (8000 cps) (10 cps)
o . . N R N -16 - - . =17
EMI 9658 R Trialkali| 300-950 ‘i1 | 300-600 14-33 ° 350 95 4.4 dia | 5x10 6x10
+ . . . : - -
EMI 9558 Trialkali| 300-840 ‘11 | 340-570 | .22 180 64 4.4dia [3.5x10 16 4x107V
EMI - 9659 JTrialkali} 340-930 | 11 -+ 340-600 ; - 9-207 - 250 76 4.4 dia |ax10718 5.x 107"
EMR 543E-01-14 Trialkali] 270-850 | 14 | 300-600. 10-22 150 74 4.30dia | 1x107® . 221077
Dl 3% . ' : (1600 cps) (50 cps)
. . Lol S - a=17 -18
EMI 9789°B Bialkali | 310-650 13 | 320-480 . '14-20 50 - roda - |1.5x107Y - 5x10
QB . 170-650 170-480 | 14-20 (so cps) (10 cps)
i - SN s - - BT _
EMI 98i3 8 | Bialkalt | 300-650 | 14 | 325-500 15-27 - 86 sedia |8x10 7 1x10V
ey @ L 170-650 . .| 290-500 15-27. C . o -
EMR 543N-01-14 | Bialkali | 270-700 14 | 270-480; 12-18 55 .60 4.3dia |4x 10'17 ., Ls5x10”
B > (125 cps) (35 cps)
RCA C31005 CsTe 180-350 | 12 | 190-280) - ‘3-'5 - ©o9.2i 1.3 dia “J1x105Y% o
| -
EMI G26H315 CsTe 110-360 i 15 I 130-260 9-13 - - 1.6 dia | 5x 10 18 -
. : i | B . R "} (Reps) - :
] . ;-
EMR 542F-08-18 | CsTe 105-350 ¢ 18 | 200-280%. -5-7 | . .14 L)2.8 dia |2xio¥® . .
i 1 ——— i i ' L
* Sensitivity> 70% peak, value: correspondlng quantum effnuenc:es . . :
t Used by Ridley €t al.’ (1972a,b; 1974} in the NO chemiluminescent detector ) !
4 SN TR - = o ’
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CALCULATED FLUORESCENCE DETECTION LIMITS FOR INDIVIDUAL SPECIES

k 18 required to calculate the concentration of a particular species that will produce '
fluorescent signals leading to a 8/N detection ratio of unity, Fluorescent intensities
have been calcu]nted from the previously dertved expression:. e Co

[ 4 R ..

L ﬂFfe . kf B ir s
=g r'r-ﬂm ““-‘“’“N
Rt st L,
Detector Eluorescence ,Source Absorption Detector Equivalent

factor . efﬂctency .fnctor factor . Nofse input : :

where N is the equivalent noise input, In watts, of an appropriate detector. An f/2 eﬂectlve
aperture has been assumed for the fluorescence collection system throughout (0 F/41Y 1/64)
f, the fraction of the total fluorescence montitored, is dependent upon the bandwldth of the
detector fﬂter '8, the filter tra.nsmlsslon, also depends on the detectlon wavelength '
and bandwldth, appropriate values have been taken from mamfacturers llterature. For
light sources, other tha.n laserbeams the source solid a.ngle is assumedtohave an /2
effective aperture. The noise level, N, and the pathlength, {, depend on the pamcular ,
detector used. ¢ in each case has been taken as the diameter of the photocathode. -

Since detection 1imits are generally expressed as a fractional unit (ppb) the above equation
can be re-written with the substitution

- 9.658 x 10° px/T

where p (torr) and T (K) are the total pressure and temperature, respectively, of the air
sample. X is the required detection limit expressed in ppb. In cases where only a
fraction of the total number of molecules of the particular species is in the absorbing
energy level, 1, the concentration n must be reduced by the factor ni/nwhich can be
calculated assuming a Boitzmann distribution over all the available energy levels. Also,
in those cases where only a partial overlap occurs between the source line and the
absorbing line, a factor has to be included which effectively reduces the absorption cross-
section by an appropriate amount. Generally, this factor has been derived in only an
appraximate mammer by considering the relative positions of the lines and assuming
particular line shapes. This should be quite sufficient for these basic assessments. A
temperature of 250 K has been assumed for the afr in the test equipment. For conditions
other than those assumed here, simple sealing can often be applied to the calculated
detection limits.
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ATOMIC CHLORINE, C1 _ S
Atomic resonance ﬂuoresoence of atomic chlorine i8 very sensttive; it occurs in the
vacuum ultraviolet being excited in the region of 185 to 140 nm. Clyne and Cruse (1972) -
havereportedalowerllmltofdetectlonofabout 5x101°atomscm -3 , which figure

could be improved upon perhaps byafactorofs to 10, Theyfmmdthe technique fnherently

more sensitive than resonance absorption spectrometry. Wavelengths and relative llne

- 2p
strengths for the 41’1/2, 32, 5/2 " Pz, 82 WPy g L Py g
transitions are given by Davis and Braun (1968) and Clyne and Cruse (1971). Exciting

lamplntensltleswereofﬂ:eordewoflxlo quantasec 1

" Ths low-lying, metdstable J excited %P, 1, level of the ground electronic mteisssl em™
"abovethezpa/zcohponent At 298 K tis population 1s only 0. 8% that of the p3/2. Even
8o, Clynea.ndCruse (1971)mtedstrongfhoresoence associated with absorptlons from v
ft. Atzsoxuspopnlatlonwouﬂddecreasetoo.s%. Insystemsﬁ’eefromoxygentms
!sapartlcu]arlysensltlvemonitorforClatoms lneltherorboﬁxofthegrmmdstate o

components However, it holds no promise for the present task of a.mlyzlng stratos
. pheric air samples. ‘

o
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CHLORINE, Cl, .

.Chlorine exhibits absorption contima below 480 nm- due to several electronic transitions.
lwhich are at 2 maximum arcund 330 nm. The well characterized Aal'lo - x12+ bands
occur fi from this. region to about 566. 5 nm. - Although spin—forbidden, the system is observed
for Cl In the heavier iodine molecule this transition is partlcularly strong and. its. . .-
fluorescence is undoubtedly the most extensively studied for any one gaseous molecule s
(Table IT). Halogens other than iodine do not absorb anything like as strongly in‘the - -
vislble reglon. The rotational lines of the 0 state are identical to those:for.a 12 state‘
and the structure for Cl is very similar to that of any 8+ 17‘+ band .and shows single
P and R branches. Its spectrum is somewhat compllcated due to the isotopic. components
of naturally occurrlng Cl Vibrational spacings are such that‘at 250 K only about 4% of
the molecules would be i.n the L" =1 level.so that .absorotlons,_involvmé';the ground_ state B
are preferable. - - ' ’

§

The only detailed fluorescence studies reported in the literature are those for 35012 by
Holzer et al. (1970a, b) with the 487.986 nm Ar' laser line. The transltlon was identified
as arising in the (22, 0) band at J ~38; at 250 K Dy - 03" = sé/n~ 0. 03,: The _ﬂuorescence
was particularly weak, in fact an-order of magnitude less intense than the Raman funda--.
mental band emission. Plumley (1934) excited ﬂuorescence in Cl with the 546 nm Hg .-

line but noted that the absorption coefficient was 1000 tlmes less than that for Br, at this

2
wavelength Similarly, the fluorescence for Br 2 was about 300 times weaker than that ..
from- I2 Capelle et al. (1971) also have noted the weakness of _Cl2 fluorescence using ;-

as the exciting source a pulsed tunable dye laser, pumped with the 337 nm nitrogen
laser line and operating in the spectral range 513-626 nm. '

t is evident that fluorescence techniques are no use for the detectlon of Cl Belng '
homonuclear;* the molecule is also infrared inactive and can only be stimulated by the
weak Raman interaction. S JENE
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CHLORINE MONOXIDE, ClO

Absorption bands attributed 'to the AZHi - Xzﬂi system extend from the vicinity of 300 nm
16 the: convergence limit near 263 nm beyond which there is continuous absorpﬁon through
to the vacuum ultraviolet. Theé absorption spectrum consists of a strong V' = 0 progression.
The bands have fairly sharp heads and are degraded to the red. A high resoiution study

by Durie-and Rimsay (1958) showed that the rotational structure for many of the low v
bands is quite diffuse due to predissociation, higher L' bands are sharp. The (7,0) band

15 -completely diffuse and no individual lines are seen. The most clearly resolved is the
- (12,0) band which'is also the strongest. Table XVI lists the bandhead wavelengths and the
relative band inténsities:for these transitions from the lowest L' = 0 level. - ‘

" ! Table XVI, Absorption Bands of the Main 233 /2" 21'13 /2 Subsyétem'
of C10 (from Porter, 1950, and Durie and Ramsay, 1958)

D TR ST I S R vy A I vl oM
©303.45 1 - 4,0 277.16 10 12, 0 '265.25 5 20, 0
299. 30 FTg 5, 00 7| 274.95 8 18, 0 '264.58 3 21, 0
295.43 '3 "6, 0 272.94 7 14, 0 264.06 2 22, 0
201.80 ~5 7,0 | 27111 7 - 15,0 263.63 2 23, 0
288.40 "5 8y 0 '269.50 -6 16, 0 263.35 - 24, 0
285. 18 6% 9,0 ‘268.25 * 5 17, 0 '263.10 - 25, 0
282,24 ¢ 8- 10,0 267.12 ¥ 5 18, 0 S

279. 60 8 11, 0 266.10° ' 5 19, 0

Several weaker bands of the 2H1 /2" 2111 /2‘subsystem also have been reported by Porter
(1950) at the following wavelengths (nm), :

297.50 (5, 0) 286. 67 (8, 0) 278.14 (11, 0)
293. 76 (6, 0) 288. 57 (9, 0) 275.80 (12, 0)
290. 20 (7, 0) 280.70 (10,0)  273.53 (18,0)

Other characterized electronic systems lie in the vacuum ultraviolet (Basco and Morse,
1973). Various studies have been made of the extinction coefficient, €, for several of
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these bands, where this is defined by:

loglo(l/lo) = -€¢f : - : e

Such € values can be converted to the cross-sections o (base e), used throughout this.
-2
report, by multiplying by 3.82 x 10 4. Values have been reported by two groups of-

o

‘r‘; M

and generally is expressed in cm? mole™! units with c the concentration, in mole cm_a., .

researchers and are listed in Table XVII. The values {llustrate the generally strong:.. : -

absorption in this system, peaking in the (12, 0) band. Clyne and Coxon (1966) found -

that the detection limit for their system (deuterium lamp, 20 cm pathlength) was about .. .

13

5x10 cm” which corresponds to about 2 ppm at atmospheric pressure. The detection

of ClO using an absorption technique would run into the problem of interferences from
SO NO and O which also absorb quite strongly in this spectral reglon. L

No fluorescence studies have been reported for C10 and little data appears to ‘exist
concerning its radiative lifetime or its rates of quenching. Since the absorp;tzlancross-
section obtained with coarse spectral resolution is quite large, that for_:a paft;cular
rotational transition pumped for example with an atomic line, if a coincidence can be
found, or a narrow tunable dye laser line, may provide a sufficiently senéitive technique
for monitoring CI1O if the fluorescence efficiency is favorable. By suitably locatlng the
detector bandpass a potential interference from SO could be avoided. That from NO
would have to be minimized.

Table XVII. Absorption Cross-Sections for C10

2

Transition ' g, cm Reference

(7, 0) band 4.0x10°18 Basco and Dogra, 1971

(12,0) band 7.3x 10718 _Clyne and Coxon, 1968
| 6.5x 10718 Basco and Dogra, 1971

257.7 nm v 4.8x 10718 Clyne and Coxon, 1968

continuum ( 4.4x 10718 Basco and Dogra, 1971
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CHLORINE DIOXIDE, ClO 2

For a triatomic molecule, OClO shbws a remarkably regular absorption system of well-
defined single-headed bands, strongest in the 310 to 380 nm region but extending from
about 270 to 480 nm. Coon and Ortiz (1957) list 143 vibronic bands in this region. The
sharp-headed bands occur in regularly spaced groups, each of which consists of one

strong band and two or three weaker ones to shorter wavelengths. These absorption
transitions belong to fhe A2A2 - ‘Xz B1 electronic system and form several progressions,
the strongest having the assignment (0'1 , 0,0+~0,0,0), followed in intensity by those
belonging to the (U'l , 1,0~0,0,0) and (V! , 0,2+ 0,0, 0) transitions. Relative intensities
of various of these bands have been listed in Table XVIIL

v
-+

Table XVIII. Relative Intensities for Vibronic Absorption Bands of 35ClO2 Originating from the
: XZB1 (0,0,0) Ground State (from Richardson et al., 1969)

- Assignment A Relative Asslgnment PO Relative
P01, Vg Vg  om Intensity* vy, LY, vy nm Intensity*
0,0,0 475.69 . 1.00 2,1, 2 412.62 10.3
0,1,0 269.22 0.73 0,0, 4 412.41 -

1, 0, 0. 460.19 6.30 5,0, 0 408.25  110.
1,1, 0 454.23 4.39 3,0, 2 405.79 -
2,0,0 445.80 21.5 5,1, 0 403.82 -
0,0, 2 442,37 2.24 3, 1,2 401.51 -
2,1, 0 440.28 13.6 1, 0,4 401.37 -

0, 1, 2 437.04 1.72 - 6, 0, 0 397.28 155.
3,0,0 432.42 38.4 4,0, 2 395.04 -
1,0, 2 429.40 7.1 . 6,1,0 393.16 -
3,1, 0 427.31 22.1 4,1, 2 391.10 -

1, 1, 2 424.45 5.92 2,0, 4 390.96 -
4,0, 0 419.94 68.3 7,0, 0 386.97 -
2,0, 2 417.23 17.8 5,0,2 384.91 -
4,1, 0 415.18 34.7 7,1, 0 383.11 -

35

*Relative intensity for clo, at about 193K
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ClO vapor is rapidly photolyzed by ultravlolet radiation and below 385 nm the bands T
become quite diffuse. Strong bandheads ln thls reglon with hlgh absorptlon cross—sections
are at the wavelengths (nm),

-377.25: - : -336. 05 o 305.09 - - 0 O R PRI PR o

368. 05 329.12 299.94 CF e e s

359.41  322.60 1295.35 . E e

351. 14 . 316.35 o
(343.40 . 310.57

Other electronic absorption systems lie -in the vacuum ultraviolet: (Basco -and- Morse, 1974)
The maximum absorption coefficient occurs at the 351 nm band center (0 = 1.2 x 10 17cmz,
Clyne and Coxon, 1968; Basco and Dogra, 1971). This is as strong as the maximum at

250 nm in the O ultraviolet absorption system. Clyne and Coxon (1966) reported a .
_detection limit for ClO in their system (deuterium lamp, 20 cm pathlength) of 5 x 10 3cm -3
(2 ppm at atmospherlc_pressure) Cross-sections are much smaller at longer wavelengths,
where predissociation i8 less (A nm, ¢ cmz; 440.3, 2.6 x 10_19; 445.8, 3.4 x 10'19

454.2, 5.8 x 10°20; 460.2, 7.4x1072%; 469.2, 8.0x 1072, 475.7, 9.4 2 10721, Coon

et al., 1962).

Two fluorescence studies of ClO2 have been reported (Table II), both utilizing the Art
lager as the exciting source. However, the lines used, 458 to 502 nm lie in the region of
low absorption cross-section and the resulting fluorescence is very faint as compared
visually with that of 12 or NOZ' There also appears to be considerable photochemical
decomposition even at these longer wavelengths. Observations {mplied that most of the
excited molecules predissociate rather than fluoresce. The 476.5 nm (60. 00 keal mdle"l)
line has slightly hlgher energy than the molecule's bond dissociation energy at 298 K

(59. 4 kecal mole » 248.5 kJ mole” ). Sakurai et al. (1971c) found that the excited ClO,
was short-lived, the lifetime being < 5 usec at pressures in the range 0.1 to 0. 2 torr.

The 476,5nm Ar' laser line lies in the middle of the (0,0,0 ~ 0,0,0) transition and

excites fluorescence in about 17 bands from 480 to 780 nm. Longer wavelength exciting
lines have insufficient energy to pump the (0, 0, 0) ground state and must arise from hot
bands, accounting for their additional weakness. As a consequence the fluorescence inten-
sity for these can be expected to decrease at lower temperatures (Sakurai et al.,1971c).
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The ClOO lsomerlc form of chlorine diaxide is’ very unstable, D (CI-OO) =6 kcal mole !
25 kJ mole” (Benson and Buss. 1957~ Clyne and White, 1971) and rapld dissociation is
expected even at 250~300 K. Although its uv and infrared spectra have been reported by '
Morris and Johnston (1968) and Johnston et al. (1969) its low level detection by
fluorescence is unlikely.

The more stable OCIO form, is probably best monitored via its strong ebsorption in
the ultraviolet. The cross-section of 1.2 x 10'17 cm2 for the 351 nm band is about
25 times larger than that for NO which also shows continuous absorption in this region,

:.and ‘about .5 orders ‘of magnitude larger than that for 0

.x

3

PR
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CARBON MONOXIDE,.CO.. . . .- - .

This moleciile has a very rich absorptton spectrum in the 100 to 160 nin region with many
strong bands, particularly the ublquitous 4th position system, A'T - X'I*. The lowest:"

lying electronlcally excited states of CO are triplets and althouigh their absorptlon spectra
have been recorded, transitions to all states below A l‘l are forbidden sind much weake """

]

(Krupenie, 1966; TﬂfordandSlmmons. 1972), - - o Ry [

The 4th posttive system is domlnant ln absorptlon and appears in emlsslon as’ an lmpurﬁ:y
in many systems since its spectrum 18 8o ‘readfly exclted. Unfortunately, its (o, 0) bandhead
lies at 154,43 nm in the region where oxygen absorbs strongl,y, 8o ellmlnating it from '
further detafled study Inpasslng though lt may be noted that the radlatlve llfetlmes of

the first etx vtbrat!oml levels of the A n state are all ~10 nsec (Hesser, 1968; Welle and
Isler, 1970; Imhof and Read, 1971; Chervenak and Anderson, 1971- Burnham et al., 1972)
Collislonal quenching is efﬂctent belng of the order ofuntty for nltrogen, a.nd vlbratlonal
relaxatlonal rates within the A I1 state slmilarly occur with a high probablllty per colllslon
for many gases (Mcker and Welge, 1965; Slnnger and Black, 1969; Comes and Flnk, »
1972). Even so, owing to the short radiative lifetime, fluorescence emclenctes remain
reasonably large at most operatlng pressures, fa.mng toa posslble mlnlmum value of
about 1% at atmospherlc pressure. Slanger and Black (1969, 1970 1971 l973a, b, c) lmve
extensively studled the resonance fluorescence, the sensltlzatlon with xenon, perturbatlons
between the A 11 state and the triplet levels, -and colllslon—lnduced interstate conversions
lnthe system. As a consequence, it is nowqultewe]l clnraeterlzed, and inoxygenfree
systems provides an extremely sensittve teclmlque for monltorlng CO. .

ltsinﬁ'aredspectrmnlmsbeenextensivelystudledowlngtoltsslmplicity Theﬁmdamenm.l
bamliseenteredatabmxt4.67umwlththeﬁrstovertone, which is about 100 times weaker,
at 2.35um. Stratospheric concentrations of CO have been measured via its lnﬁ-ared
absorption spectrum (Goldman et al., 1973c). The R(2) and R(3) branch lines fn the.
fundamental band are most free from lnterferences as ls apparent fromthe high resolutlon
spectra of McClatchey and Selby (1974). "The interferenoes a:rise trom overlappingbands
ofCO NO 0 atllHOlntheflmdamenta], a.ndfromH OandCH lntheovertoneband.
Hanst (1971)has notedtlntabeorptlonofanlodlne Iaser llneat ‘2056, 39 cm™" and xenon
laser line at 2168.77 cm" maylmve potentlal for monltorug CO. However, these llnes
are located about 0.97 cm™ und0.43cm , respecttvely, fromthe center ofthe Cco N

lines and the extent of the overlap will be small. Green and Hancock (197Sb) observed
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a very close frequency matching between lines of the frequency-doubled CO,, laser and the
R(2), R(6), and P(14) transitions in the fundamental band of CO (Table III) which appear
more promising. ‘The degree of mismatch is 0.007, 0.072 and 0,005 cm™’, respectively.
(Of these,the R(2) line of CO at 2154. 598 cma “1 Gith an exciting frequency doubled R(18)
line of the CO2 laser at-2154.605 cm™ wm be the best for atmospheric air -samples.
The R(6) and P(14) lines suffer interference from other specles. For such a system the .
Doppler absorptlon width at this wavelecngth is ~0. 004 cm” (Table XI). At 250 Kthe
. pressure broadened ltnewidth s ~0.06 cm 1 atm” (Table XI). A CO, laser has a
ty'plcal overall linewidth of about 100 MHz (0.003 em” ). Consequently, the absorption
cross-sect!on wﬂl be pressure dependent and at low pressures the laser lime wﬂl be
located ln the w!ng of the absorption line. Using the tables publlshed by Young (1965)
for calculatlng the Volght profile of a line lt is possible to estimate the absorption cross-
section at the laser frequency. A line strength of 5.643 em™~ atm™ lfortheR(z)CO line
has Men used (Benedlct et al. 1962) This leads to va]ues for the absorblng cross-
sections of 8.3 x 1072 em” (10 torr), 5.3x 1071 om® (1oo torr), and 1.8 x 1028 em?
(760 torr). At 250 K, 5% of the molecules are in thev" =0, J " - 2level. The radla.tlve
llfetime of L = 1 ls 0. 033 sec (Millikan, 1963; Gerlovin and Orlova, 1964). At room
temperatnrethe rate consta.ntfor quenchlngbyN is 5.4x10 -15 cm molecule sec
which corresponds to ~5 x 10 colllslons/deacttvation. Siml]ar vah:es for 0 a.re
7.6 x 10 -17 cm® molecu]e sec 1, ~3.5% 10 comslons/deactlvatlon, and for Ar,
3.1 x 10~ cm3 molecule ™! secY, ~8 X 1o colllslons/dmtivation (Millkan, 1963;
Green and Hancock, 1973b; Stephenson, 1973b). Conseqnently nitrogen quenchlng will be
predomipnant in air samples and ﬂuorescence efficiencies are ~(1. 8-0. 2)% at 10 to 100
torr. K it is assumed that a 100 W cw laser can be frequency-doubled with a 1% efficiency,
the detection limits for such an infrared fluoréscence arrangement are as listed in Table
XIX. The minimum sensitivity that could be hoped for would be about lppmuslngan

atmospherlc pressure sample, insufficient for the current’ applicatlon.

-

Bortner et aL (1973) have estahllshed the feaslbllity of mmsurug atmosphesrlc CO

from a remote platform using a correlatlon mterferometry technlque With snch an ‘
approach various methods are avallahle for overcoming any smctral lnterferences. In .'
theh- appllcstlon they found that the overtone band was more suttable owing to the effects
of certaln atmospherlc parameters. A sophlstleated Cl‘i) Cl% fluorescent source NDIR
detector also lns been develmd a.nd is belng furﬂner reﬂned ln an attempt to sufflclently
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lower its range for stratospheric applicability (McClatchie, 1972). Absorption studies
utilizing diode lasers have been reported and for a long pathlength are very sensitive
(N1ll et al., 1971; Sultzmann et al., 1973; Brockman and Seals, 1973). However, in
a fluorescence mode of operation these absorption systems are insufficiently sensitive.
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HYDROGEN H 9

The lowest bound excited electronic state of hydrogen that has been characterlzed the

BIEu is 90,633.8 cm”~ above the ground state, locating the (0, 0) band of the Lyman _ ..

system in the vacuum ultraviolet region at 110 nm. Since at 250 K essentially all _the‘...,# .
molecules are in the V" = 0 level, absorptions at longer wavelengths than this are out - 5
of the questlon.I The only reported fluorescence 'sfudies for H,, Table II, have used .
the 106.7 nm Ar line to excite the V' = 3 level. Inducing electronic fluorescence frem -

H2 in air samples is, therefore, out of the question.

A homonuclear aiatomic molecule, H, is infrared inactive and can only-be excited via
the Raman effect. The very low cross-sections for spontaneous Raman scattering,” ' -
enhanced somewhat using novel systems that invoke stimulated anti-Stokes scatteriig
(Regnier et al., 1973; Regnier and Taran, 1973) can only monitor concentration lévels-
down to about ‘100 ppm. As realized for a long time now, the monltorlng of H 2 “at low -
levels in any system constitutes a difficult problem. )
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FORMALDEHYDE, HCHO

The absorption spectrum of formaldehyde is complex. The lowest lying electronically
excited singlet state,*'designated Alar (]'A oh 18 28,188 cm™! above the ground i A,
state. It is observed in absorption from 230 to 353 nm although 'symmetry forbidden'
'(Herzberg,‘ 1966). The transition is induced by intensity borrowing from:higher 1B1

and 1]32 levels. Its absorption and fluorescence spectrum have been described by Brand
(1956). Absorption bands become diffuse at about 275 nm, and to shorter wavelengths

the progression continues with increasing diffuseness and rapidly decreasing intensity

to about 230 nm. I exhibits a very sharp spectrum in the ultraviolet, the strongest bands
forming-a long progression in a frequency ~1180 cm_1 (V'2 , CO stretch vibration). No
absorption is apparent between 175 and 230 nm. The vacuum ultraviolet reglon has

been studied by Gentieu and Mentall (1970) and will not be discussed here. The only other
system in the visible region at 360 to 397 nm is very weak owing to its a A"(A )~ X1 A
pature and need not be considered further. Vibrational structure of the singlet system

is distinct within the molecule and well separated so that selective excitation of a single
vibronic band poses no problem with a narrow bandwidth light source. However, rotational
branches tend to overlap and If it were required, a selective rotational excitation would
only be achieved with sources of a few tenths of a cm°1 spectrél width. Most levels are
sharp and well resolved.in spite of the fact that radiationless transitions occur, leading

to a near unity quantum yield for dissociation. McQuigg and Calvert (1969) reported two
primary processes In the 280 to 355 nm region leading to elther H+ HCO or H +CO
products. Do (H - CHO) is ~76.0 kcal mole , 318 kJ mole , which corresponds toa
376 nm wavelength 1imit. Yeung and Moore (1974) have presented a predissociation model
where this collisionless non-radiative decay of the bound vibronic states of the excited

1A 9 state strongly couple with high, bound vibronic levels of the groundlA1 state which
then dissociate.

Fluorescence studles of this system have been noted in Table II and involve absorptions

In the 47 , 42 63, 27 45 and 2247 bands. Also, Yeung and Moore (1972) have studied

the photopredissociation of HCHO wlth 2 high energy frequency-doubled, pulsed, ruby
laser at 347.2 nm. However, the absorption cross-section at this wavelength is only

7.6 x 10 -22 m2. The band notation used here is of the form X;, where X is the number
of the normal vibration and m and n are the number of quanta in the lower and upper states,

respectively. Extinction eoefficients and radiative lifetimes have been calculated by
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Yeung (1973) for all the progressions in the normal modes.. The absorption coefficients - .
also have been measured by McQuigg and Calvert (1969). Intensities of; absorptlons

-

involving the Ve mode are weak. Cross-sections for the stronger 4(1) and 2, 4(1) bands are..
2.2x 10 and 5.7x 10 20 2 , the latter being about the maximum value noted‘ln this -

system. Yeung 2lso derived the relative radiative lifetimes from the Einstein coefficients
and found them to vary by no more than a factor of 2 for all the bands. ; That for the
22 41 level is 0. 75 times the radiative lifetime of 4 . In comparison, measured llfetlmes
have been reported as varying by a factor of 100, a fact attributed entirely to non-radiatlve
processes. Estimates of the lifetime from the integrated abso'rptlon coefflclent data o
predlct a value of about 7 psec (Sidman, 1958) Yeung and Moore (1973) have obtained
radiative lifetimes, (ke + k ) , of 282 nsec (4 ) and 29 nsec (2 4! ) for these two = **
excited levels, which values have been used in this assessment. J eunehomme»and o
Duncan (1964) obtained a value of 310 nsec for HCHO excited In a flash'dlseharge. : 7lri‘

the latter experiment many levels were excited, and since the higher levels appear to

have much shorter lifetimes owing to enhanced rates of non-radiative processes only
fluorescence from the lowest vibronic levels would have been observed. Sakural et-al. -
(1971b) and Aokl et al. (1973) each have Investigated the fluorescence excited with-a

N pulsed laser and report radiative lifetimes of 27 nsec and 18 nsec,. respectively. No -

1

pressure dependence of this 426 level was observed ln the range 1 to 10 torr. These:!:
values are in reasonable accord with the noted llfetlme shortening at higher vibronic levels.
The fluorescence spectrum observed in these studies extends to about 700 nm, peak -
emission being in the vicinity of 400 to 450 nm (Aoki et al., 1973; Yeung and Moore, 1973).
The collisional quenching rate constants in formaldehyde at room temperature have been
measured by Yeung and Moore (1973), who obtalned 7.9 x 10- 10 and 3.1x 10 m3.'~z. LT

molecule for the 41 and 2 41 levels, respectively. These values are comparable
to gas kinetlc collls fon rates. Ar appeared to quench the fluorescence about 3. 5 times .
less efficiently than HCHO. Aoki et al. (1973) noted that the effective fluorescence
lifetime of the 426! level decreased from 18 nsec to 14 nsec wlth alr at atmospherlo
pressure, implying a quenching rate constant of 6.4 x 10’13 cm molecule” sec'1 or
0.002 times the gas kinetic collision rate. At 10 to.100 torr for the longer lived 41 level
the fluorescence efficiency will be decreased by 30 to 200 fold if collisional quenching is
assumed to be at the gas klnetlc collision frequency rather than at such a value of

6.4x 10 -13 cm molecule sec'l. The shorter lived 2241 level is less affected by such

quenching and the corresponding reduction would be from 4 to 30 fold. The dilemma of
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which rate to use for 41 and 2241 levels quenched by air cannot be resolved here and
consequently, a value of 1 x 10"2% ¢m® molecule™! sec™! has been used to assure that the
detection‘linlite are not overly optimistic. The expected sensitivity limits are shown in
Table XIX: They have been calculated assuming the availability of a 1 W tunable, cw
lager in this spectral range, although it is realized that this is rather beyond the state

of the art at present. It has been further assumed that the line will encompass 10% of

the- ground state population.

Wlth such a system, the practical sensitivity cannot be on the ppb scale Indicated, since
the very. strong Rayleigh component of the scattered radiation, also listed in Table XIX
will necessarlly degrade these limits. Either a less Intense source would have to be used
or means invoked to effectlvely discrlminate against the scattered radjation. Elither step
reducing, I , O effectively decreasing the filter transmission, 8, will substantially raise
the detection llmlts Since stratospherlc HCHO is most probably at concentration levels
below 1 ppb it ls unlikely that this ﬂuorescence approach will be fruitful.

As noted by Hanst (1971), coincidences between lines of the infrared bands of HCHO and
available laser lines are disappointing. Although the 3. 5080 um strong xenon line is
close to-.an absorption line (Table III), and appears to suffer no absorbing interferences
in the atmosphere (McClatchey and Selby, 1974), it lies in a weak absorption region of
the spectrum. Johns and McKellar (1973) investigated the coincidences between various
CO laser lines and absorption lines in the Vo band by Stark spectroscopy. No close
matches were noted: ithe lowest field required was 0.71 kV/cm for the P16—1 5 (13) CO
line at 1707.887 cm: . No Infrared fluorescence studies have been reported for
formaldehyde, and it is unlikely that it will produce the level of sensitivity required here.
ReCently,- Nill et al., . (1973) have, -however, : {llustrated one important new asset of
tunable diode lasers by studytng part of the HCHO 3. 5 4m band with a spectral resolution

of 10 5 -1.
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HYDROGEN CHLORIDE, HCI

This stable molecule has no low lying bound. electronically excited states and only exhibits:
continuous absorption at wavelengths less than about 230 nm. The only strong and dist- -
inctive spectral system is that of its fundamental vibration centered in the vicinity of -°
3.5um. There have been no reported coincidences of rotational lines in this band withi:
non-tunable exciting line sources ‘other than with HCI lasing transitions. ' .

Fluorescence studies using pulsed HC1 lasers have already been listed in Table 1118 ‘and '
generally report a weakness of the fluorescence. This is due to the long radiattve llfe-
time of about 0.03 sec for the v" = 1 state (Margoﬂ:ln—Maclou et al., 1971- Emanuel a.nd B .
Cohen, 1974) and the relatively efflclent collistanal relaxation with nltrogen. At 250 K, a
sz =2.2x10" cm3 molecule (Chen and Moore, 19714, b). Consequently, the'.
system is of little use for detectlng HC! in low concentrations as (llustrsted by the crude
but sufflclent calculatlon of the potential detection limits which are llsted in Table xrx.
HCI lasers are operated at a low pulse rate. Assumlng the avallablllty ofal kW peak ,
power, 1usec pulsewldth 1 pulse sec laser, to a first approxlmatlon thls ls baslcally
equivalent to & 10 W constant power source. The line strengths in the P branch are '
for emmple ~8 em 2 atm™ - 13%!1 P(4) line (Toth et al. , 1970) which corresponds to

a peak absorptlon cross-sectlon of about1 x 10 -18 cm2 AlowJd number. P branch laser
line, would have to be used since at 250 K only the J" = 0 to 5 levels have a reasonable ' |
population. A fractional population of 0.15 has been assumed In these crude estlmates.
The poor sensitivity consequently arises partly from the low fluoreecence eﬂlclency

and from the limited detector semsitivity. ' -

HCl s dlfﬂcu.'lt to monitor by any means. However. a feaslblllty stutb of the sppllcatlon '
of exlstlng technlques to remotely monitor HC1 In the atmosphere has recently been ’
publlshed elsewhere (Zwlck et al. . 1978) under contract to NASA. ‘This aseessed the' '
su!tabmty of correlation spectrometere and lnterferometers and also evaluated thetr
possible lnterferents. Remote monltorlng sensltlvitles down to about 1 ppm-meter
appeared possible with the most refined system.

1
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NITROUS ACID, HONO

In the uv-visible region, the absorption spectrum of IIIJOZ has been reported by King

and Moule (1962) and by Johnston and Graham (1974). Absorption occurs in the 300 to 400
nm region with very diffuse absorption bands indicative of predissociation that form the -
continuous absorption profile fllustrated in Figure 6. The positions of the peaks in the
two studies agree well and the cross-sections llsted by Johnston and Graham (1974)

have maximum values of the order of 10 19 em?, King and Moule (1962) observed no -

fine structure in these bands when photographed on a 20-ft grating spectrograph witha
resolvlng power of 150 000. The dlssociatlon threshold for HNO to OH and NO products
is at, 590 nm and predlssoclatlon appears to occur. eﬁlclently in thls 300 to 400 nm N
'reglon. Johnston and Graham (1974) also report that preliminary studles Indicate a
quantum yleld of the order of unity for thls process. It therefore appears very unllkely
that ﬂuorescence can be excited in this system. Although NO also absorbs in this region,
it would have posed no lnterference problem since wavelengths < 398 nm photodtssoclate

it and produce llttle lf any fluorescence. I may be lnterestlng to note that the HONO
exlsts in two planar tautomerlc cis and trans forms. These are separated by about .
180 cm -1 in energy, the trans betng the more stable arrangement. However. the barrler
helght llmltlng thelr lnterconverslon is about 4000 om whloh ‘will be suﬂ'lclently hlgh

to prevent thelr colllslonal equlllbratlon at 260 K if the moleeules are preferentlally '
produeed in one form.

_ . N . ,
The infrared spectrum of HONO is less well characterlzed but bands have been asslgned
to.the 8 infrared-active vibrationsal frequencies which are listed in Table XX (Jones et al.,
1951; McGraw, 1965) A check of these spectral reglons lllustrates that nearly all the
fundamental bands, posslbly wtth the exceptlon of that at 853 om” » le at wavelengths
where absorptlons also oceur wlth other atmospherlc oomponents (Muroray et al., 1969
McClatchey and Selby, 1974) Infrared ﬂuorescence holds no promise for this specles.

» Moreover. detection by conventlonal absorptlon or emlsslon technlques will be very
difficult owlng to these spectral tnterferences.
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Table XX. Fundamental Vibrations of HONO-cm~
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HON bend
N-O stretch
ONO bend

H out of plane

HNO,, and Nitrous Acid, HNO,, in the uv-vistble Region . .
_(from Johnston and Graham, 1974)
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NITRIC ACID, HONO2

Unlike H280 4 it appears theoretically well justified that nitric Aacid is present in the
stratosphere as a vapor and not as aerosol particles (Toon and Pollack, 1973). The

* nitric acid absorption spectrum in the uv region has been critically reviewed by Hampson
et al. (1973) and further confirmed by more recent work (Biaume, 1973) It is charact-
erized by a continuum proflle, Figure 6, and the molecule appears to photodxssociate to
OH and NO with a primary quantum yield of unity at these wavelengths (Johnston et al.,

1974). Cross sectlons decrease:from 10 -17 cm2 at’ 190 nm, to 10 -22 cm2 at 320 nm,

and is << 10 -22 emz in the 330 to 370 nm region. Consequently, although the data suggests
that a significant portion of the spectrum does result from transitions between bound states,
no fluorescent systems are expected to be observed in this or the visible region where it

is completely transparent.

The molecule has nine fundamental vibration frequencies, all active.in the infrared from
2.8 to 22 4m, the strongest four of which have been observed.in.atmospheric absorption
data (Murcray et al., 1969; Goldman et al., 1971). The 11.3 and 21.9 4m bands have

also been monitored by their atmospheric emission (Williams et al., 1972; Murcray et al.,
1973). The 5.9 and 7.:54m bands are in a region where mterference by lines of H O 0
and CH may be severe. The Ve band at 11.3 4m lUes ina transparent atmospheric
window, is relatively free from 1nterfering factors but has a maximum absorption cross-
section of about 10 -21 cm (Goldman et al., 1971). It appears to hold little promise as
a sensitive fluorescence detector. . L e
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HYDROGEN SULFIDE, H2S

No fluorescence studies in the uv-visible or infrared spectral regions- have been reported.
The lowest lying electronically excited state is at 37,000 cm-1 and gives rise to a broad
absorption continuum from 190 to 270 nm with a maximum at 195 nm, corresponding to

a peak absorption cross-section of about 7.4 x 10-18 cm2 (Watanabe and Jursa, 1964)..
Dg (H-SH) = 89. 8 keal mole';'l, 376 kJ mole-l, equivalent to a spectroscopic limit of -

318 nm. Consequently, this observed dissociative continuum eliminates the possibility
of fluorescence in the uv-visible region. '

The intensities of the fundamental bands in the infrared are quite weak when contrasted
to the strong bands of isoelectronic HZO. The vy and Va bands are centered at about -
3. 81 4m with thev 2 band at'8.45 um. Owing to the complexity of these systems (Allen.
et al., 1956; Allen and Plyler, 1956) and the lack of any reported line coincidences,

infrared fluorescence studies of H_S are not appropriate at present..

2
Lowder et al. (1971) and Sulzmann et al. (1973) have estimated the limits of detectabilfty
for line-center absorption and derivative spectroscopy methods us ing tunable diode lasers.
For the eight species that they considered, detection was the least sensitive for st_,‘ .even
though -its strongest Vz band was considered. This is primarily due to'its weak integrated
band intensity. For a laser diode of 2 x 10"4 W power output, in a system at atmospheric
pressure, ‘a detection limit of 431 ppb-meter was calculated for this llqe—center absorption

approach.
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' AMMONIA, NH,

: The lowest 1ying electronically excited state of ammonia, designated Zlav , 1s 46,136 em™!

.- above the i’lAl ground state. The absorption system associated with these states consists

+ of rather diffuse double or triple-headed bands in the 170 to 217 nm region, which get
stronger at shorter wavelengths and become well defined in the vacuum ultraviolet

: (Watanabe 1954). However, none of the bands in this A-X system show a resolved
‘rotational fine structure (Douglas, 1963), and predlssoclation to NH and H occurs on
iabsorptiou (Okabe and Lenzt' 1967). All the excited states of NH are in fact prediss-
rociated. As a. consequence, ﬂuorescence from the A state will not occur. The gas is

‘stransparent in gll other_reglons of the ultraviolet and visible spectrum.

.1JAmmonia displays four fundamental vibration bands, all infrared active. Tle ul and vV

‘bands are at about 3.0 4m, v 4 8t 6.14m, and the strong ¥, band at 10. 5 pm. The vV

i 3
* fundamental band is particularly weak in NH,.

These bands are subject to potential
.interferences from other atmospheric gases. U lies in a ‘region of CO and H, 0

absorptlon, "and. V -is severely.interfered with by H 0 bands. Such invalidatmg absorptlons
i‘appear to be least for the V band at 10.5um.

't The only reported fluorescence studies with ammonia are those of Borde et al. (1966) and
- Ronn (1968) listed in Table III. Hanst (1971) has measured the absorption coefficlents of
NH3 at 21 CO laser line wavelengths. Four of'these were particularly strong, - the- P(32),

11 R(22), P(34), and P(36) lines. By studying the pressure variation of the absorption it

‘twas established that the latter two were due primarily to'absorptions in the wings of

;I‘NH3 lines. The!P(32) line was the most strongly absorbed and quite‘seusitive to pressure
ishowing it to have the best frequency matching value. Its:absorption cross-sections at the

.jpressures being considered here were 2.0 x 10719 (10 torr), 1.1 x 10718 (100 torr), and
11.3x 10'18 cm” (760 torr). Shimizu (1970a) studied the ‘Stark spectrum of the NH, Vv, band

- iwith CO and N 'O laser lines. The relative positions of'the lines was obtained for about
11100 potentlal colncldences. All lines of the CO laser between P(50) and R(50) were
'mvestigated together with those for the N 0 laser from P(5) to P(42) and R(5) to R(39).
-'The strong absorptxon noted above by Hanst (1971), with the P(32) co, line was found
: to be mlsmatched by 950 MHz (0.032 cm™ ) fllustrating the need for pressure broadening
' in the absorptlon line. -With the co, laser Shimizu (1970a)'did note one-closer coincidence
. for the R(6) CO line, 200 MHz, that has not been otherwise mvestigated. However ‘these
colncidences appear to be closer than would have been predicted uslng the avallable
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spectroscopic data (Taylor, 1973). For the N 0 laser an almost exact coincidence
within the Doppler width, was found between the P(13) line and the Q(8, 7) NH line
the numbers in parentheses referring to thé J, K values respectively. Shimizu (1970b)

reported an absorption coefficient of 0.7 cm 1 torr™ for this transition. Assummg this
eingl

value refers to 298 K. and a base 10 definition it corresponds toan absorptlon cross-

section of about 5.0 x 10~ cm2. The absorbing level is about 535 cm™ above the

ground state and at 250 K will have a populatior of around 3% of the total number of - ° -
molecules. This absorption has formeéd the basis for infrared-microwave double reson- -
ance (Shimizu and Oka,1970a,b; Kreiner et al., 1973; Kreiner and Rudolph, 1973; Levy "

et al., 1973; Kreiner and Jones, 1974; Kano et al., 1974), ‘infrared-infrared double -

resonance (Freund et al., 1973) and infrared-microwave-microwave triple' resonance '
studies (Jones and Eyer, 1973). Lambert and Salter (1959} found that molecules corntainig’

two or more H atoms suffer vibration to translational energy transfer very much more
easily than for other molecules. They reported that an average of only 9 collisions - -

deactivate a molecule of NH, in its V' = 1 state (948 cm_l). Such a high relaxation rate

implies a very low fluorescence efficlency and it is expected that even with a 5 WNO

cw laser that the lowest detection 1imit conceivable would only be on a ppm scale. “This -

system undoubtedly is of value in an absorption mode wherever the use of an N0 laser
is practlcal however, for infrared fluorescence it'has very limited applicability. It
might also be noted that certain organic molecules such as n-butane and’ ethylene also
absorb in this region and interfere if present with the ammonia. The use of tunable
diode lasers for the detection of NH by absorption in the V band at around 10 54m
has been considered by Hinkley and Kelley (1971), Lowder et al. (1971), and ‘Sulzmann”

et al. (1973). Such a technique appears quite sensitive for sufficiently long pathlengths. E
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NITRIC OXIDE NO

Nitric oxlde fluorescence has been extenslvely studied utilizing numerous atomic llne
sources in the 191 to 227 nm reglons (Table II). As illustrated in Figure 7, the absorp-v
tion spectrum at room temperature is- highly structured from 130 to 230 nm consistmg

of bands of the ¥ (AL - x2my; B(B1 - x%M), 6 %n-x°M), and € (25t - x7n)
systems. .Below 130, nm the spectrum merges into a continuum. Owing to the discrete
nature'of the absorption spectrum cross-sections at specific wavelengths have to be
obtained from more detailed studies of the line structure, of a particular absorption

band and should not be taken from Flgure 7, which was obtained with a spectral resolution
of 0.1 nm. As will be seen later, cross—sections for specific lines are much higher than
would be inferred from this low resolution data. Above 190 nm there is very little over-
lapping of the beta and gamma bands.. No laser systems are available in this spectral
region and only coincidences with atomic line or discharge sources that radlate the NO
bands can be considered. Melton and Klemperer (1973) have undertaken a systematic _
search for. coincidences in the (0, 0) to (3,.0)Y. bands and the (8, 0) to (7,0) 8 bands. They
have measured the separation between the exciting and absorblng lines by uslng up to

20 kG __magnetlc fields to Zeeman shift one of the source components into exact coinci-
dence., ‘From' their' zero field separatlons" it appears that the only atomic lines feasible
for ﬂuorescence measurements in the absence of such fields, are the Cd 214 nm
(0.45 cm™ ), Ge, 226 (0.0); Se, 196 (0.2); Te 215, (0.1), 214 (0.45); and Zn, 214 (0.86),
where the value in parentheses refers to the separation, in wavenumbers, from the
nearest NO absorbing line. These llnes all populate levels in the A 2+ state and 1nduce
the strong)/ band ﬂuorescence.

Absorption cross-sections it the center of speclflc Doppler broadened lines in various NO
Y bands have been calculated. The nomenclature, and hence consistent formulae for

such calculations is quite confused and some care Is required. Definitions of the appro-
priate relationsh lps'between oscillator strengths and line strengths have been taken from
Schadee (1967) and Tatum (1967). The general working equation for the requlred Cross-
sectlon used in these assessments is glven by the expression

Jv
m 82 (4 1n 2)1/2 f\‘)vun ADn‘)n SJan ge eXP(-€J-,,/kT)

~me . AJ'J"'ge Qvib Qrot'A
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where:

Cross Section ()(1018 cmz)

90

fu o = vibrational transition probability for the (V' D") band. The values
4.0x 107% (0,0); 8.1x 10 (1 0)and 2.4 x 10~ (3, 0) have been -

" taken (Farmer et al., 1972a)

Au'u" ’ }J,J,, = wavelength of the band origin and the partlcular ( J.J..)

transition, respectively. The ratio of the two Is very clqse to_
unity. -

SJ.J,. = line strength of the particular line transition; values taken hfrom
Melton (1971)

IR

. BgrBe = electromc degeneracies of the ground state and the partlcular .

J"level. Valuesof 3x2(1-e hcA/kT) and 3 x 2 have been

used, respectively, where A is the spin-coupling constant and has
a.value. of 124.2 cm”™ for NO.

€5 = eumergy of the rotational state, J"

Qvib’ Qrot = vibrational and rotational partition functions, respectiveiy. A
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Flgure 7. Apparent Absorption Cross-sections for NO in the Wavelength

Region 150 to 230 nm, Spectral Resolution About 0.1 nm
(from Marmo, 1953)



Absorption cross-section values for the various trapsitions of interest aregiven in Table
XXI and are seen to be quite large. Also listed are the measured proximity of source to
absorption lines and the relative populations of the J' levels at a temperature of 250 K.

Since in this case the fluorescence is excited with atomic line sources, a consideration
in each case has to be made of the extent of the overlap between the source and absorbing
line. The isotopes of cadmium of even atomic weight, about 75% of the natural abundance
(108, 0.88%; 110, 12.39%; 112, 24.07%; 114, 28.86%; 116, 7.58%) all have zero miclear
spin. Those with odd atomic weights (111, 12.75%; 113, 12; 26%) have nuclear spin of
one-half. Kelly and Sutherland (1956), and Contreras and Kelly (1969) have measured
the hyperfine splitting in the 281'/2'ground state of the odd isotopes as 0.5 em™ L, They

have noted also that the hyperfine splitting in the 2P3 /2 state is negligibly small. Isotope
effects are small and the line shape is controlled by the nuclear hyperfine components.
The approximate line profiles of the Cd" 214 nm source and the position of the NO

absorbing line are illustrated in Figure 8 for two source linewidths.

Table XXI. Suitable Source and Absorption Lines for NO Fluorescence

Source Line NO 5 Band

Separ;ﬁmf ;'J'/ B S o
zair, nm; 1/) vac, em™t Absorbing Line; 1/\vac, cm™} (source-line),é_xg'l 250 K mgix_ml_s_\_

Se . 196.080*  50,996.93 v =3K'=1 %, /2 50,997.12 -0.19 1.82x1072 0,567 : 2.65

Zn 213.856  46,745.7 O S1K'=29 Q, (59/2) 46,746.5 -0.86 6.92x107% ;iz.z;o 0.26,
cd’  214.438  46,618.6 v =1K'=13 R, @5/2) 46,618.1 +0.45 5.9010% 2,19 18,7
Te 214.281 46,653.0 v =1K'=22 Qll_ 45/2) 46,652.5 *:0.45 ' l-amo-s ‘8. 91 3.91
" 214,725  46,556.54 V=1K'=10 Q, @1/2) 46,556.67 X };.13 4.5#1(!‘2 3.5%  44.5

Ge  225.600  44,312.5 W =0K'=16 R, (/2) 4,325 . 0.0 - i.amcti"-z fz.ezo 6.10

.Am” . R Coee R

+ Melton and Klemperer, 1973 ’ N

’_(_‘"v_’l_,)‘
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Overlap is predominantly with one component of the odd isotopes and little interaction
occurs with that part of the line produced by the even isotopes unless there is significant
line broadening. Such broadenlng will mainly be a consequence of conditions that enhance
self-absorption in the lamp. This has not been indicated in the figure and for a severely
broadened source line the even isotope contribution will be less intense than illustrated.
Corresponding linewidths for the Doppler broadened (0.1 cm'l) or pressure broadened
(0.16 om'1 atm_l) NO absorption line are also tllustrated. Considerations of the

extent of the overlap in the two‘cases predict a slightly enhanced absorption using a
broadened source. However, . a better ‘approach would be to use a cadmium lamp enriched
in the odd isotopes. Brolda and Carrington (1963) concluded that the linewidth of their
source line was 0. 7 cm. 1 Melton (1971) assessed his at 0.4 cm” (FWHM) Assuming

a value of 0.5 cm™ (FWHM) the fractional overlap can be considered as effectively
reducing the peak absorption cross-section by about a factor of 25 for NO at 10 to 100
torr and about a factor of 18 for a sample at atmospheric pre_ssn_re. Broida and Carring-
ton (1963) did note that at low pressures, NO absorbs NO ¥ band emission from a discharge
through NO more strongly by a factor of 40, than it absorbs the Cd* line. Metal vapor
lamps appear to be the most intense source of the 214 nm line for our application and it
has been assumed that its intensity 1s about a factor of 25 times weaker than the Cd

229 nm line which intensity is usually quoted: A source area of 0.5 cm2 and f/2 optics
have been assumed. Calculations are for a laxnp containing natural Cd.

Tsotope splittings in zinc are slight. The mase 64-68 shift is ~0 ‘03 cm'1 (Hately and
Littlefield, 1958). Mass 67 (4.11% abundance) has a nuclear spin of 5/2 but any resulting
hyperfine structure is not expected to play a signiﬂcant role. There is no hyperfine
structure associated with the ground 1S0 state. The 213.8 nm transition is the resonance
line of zinc and is about equally lntense in metal vapor, hollow cathode or electrodeless
microwave discharge lamps. Thls zine 1ine is’ reportedly very easily broadened, a
necessary requlrement owing to ‘the 0.86 cm" -1 separatlon between the source and absorb-
ing line centers. Overlap will be small and llmlted to the far wlngs of the absorblng

line. Crude estlmates lmply that the peak absorption ‘_cross-sectlon will be effectively
reduced In this case by factors of about 1/100 (10 to 100 torr) and 1/60 (sample at
atmospheric pressure) based ona source“line broa’dened to 1.0 cm_1 (FWHM).

Tellurium exhibits small isotopic splittings and some hyperfine structure owing to odd
isotopes (123, 0.9%;:125,7:0%).:. The extent of the total-splitting appears to be less than
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the expected linewidths and has not been considered further (Kuhn and Turner, 1961).
Since the exactness of the coincidences with the 214.3 nm and 214. 7 nm Te lines is -
only to within +0. 45 em™! and -0.13 cm_l, respectively, some broadening in the source .
will be= necessary. Source lines of 0.4 cm'1 (FWHM) will produce an overlap equivalent
to reducing the peak absorption cross-section by factors of 1/300 (10 to 100 torr) and
1/200 (atm pressure) for the 214.3 nm line, and 1/6 (10 to 100 torr), 1/4 (atm pressure) .
for the 214.7 nm line. An electrodeless radio-frequency discharge lamp (Perkin-Elmer)
is recommended for Te although in other applications where microwave power can be
utilized such a discharge lamp would provide an order of magnitude increased intensity.
The 214. 7 nm line is assumed to be about five times. weaker than that at 214.3 nm.
Selenium has one isotope with nuclear spin (I = 1/2, mass 77, 7.58% abundance). Hyper-
fine and nuclear splittings will be unimportant for a source line broadened to about 0.4 cm'l.
~1 out of colncidence with that of the NO line,
effectively reducing the peak‘absorption cross-section by factors of about 1/8 (10 to 100

The center wavelength is about 0.19 cm

torr) and 1/5 (atm pressure sample). The 196 nm line is a strong feature in the spectrnm
of atomic Se. An electrodeless radio-frequency discharge lamp (Perkin-Elmer) appears
the most intense source. It is assumed to be an order of magnitude brighter thana
hollow cathode lamp.

The germanium 225.6 nm line is not a strong feature in its atomic spectrum. The line -
is much weaker by a factor of about 800 than the strongest Ge lines at 265 nm. Hollow
cathode lamps or ele ctrodeless microwave discharge lamps are avai.lable Intensities

of this line in such sources are expected only to be about 3 x 10~ and 6x10 W cm - "2
ster 1, respectively. Of its five isotopes, the principle four are of even mass (92. 2%) and
show very small isotopic shifts (< 0.005 cm™ between consecutive even mass numbers) -
and hyperfine splitting produced in the odd mass component (7.8% abundance, I =9/2) is
considered negligible (Deverall et al., 1954; Heilig et al., 1966). Owing to the exact -
spectral coincidence, the source and absorbing lines will be considered to overlap compl-
etely. The extent of the absorption then can be calculated assuming that the cross-section
is effectively o/ 21/ 2.

Vibrational relaxation within the A22+ state during its lifetime is negligible compared to
electronic quenching in systems containing oxygen. 'Removal of one quantum of vibrational
energy by nitrogen requires about 790 collisions for the v' = 1 to V' = 0 transition or 220
collisions for ¥' = 3 to L' = 2 (Callear and Smith, 1963b). - Electronic quenching by oxygen
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10 1

cm® molecule ! sec™! for v' = 1 and 1.6'x 10710

collisions is rapid, k02 =1.7x10
for V' = 0,3. Nitrogen is 2000-fold less efficient and can be ignored (Melton and Klemper -
er, 1972).. The generally accepted value for the radiative lifetimes of these vibrational
levels, and the value taken here, is about 2 x 1077 sec [v' =1 (210 nsec), V' =0 (236 nsec),
Callear and Smith, 1963a; V' = 0 (196. 5 nsec), Jeunchomme, 1966; V' = 0,1 (215 nsec),
Bubert and Froben, 1971; v' = 1 (181 nsec), German et al., 1971]. Other workers,
though, have reported values that are difficult to reconcile with this [v* = 0, (108 nsec),

v’ = 1 (106 nsec), Copeland, 1972; v' = 0 (420 nsec), L' = 1 (400 nsec), Fink and Welge,
1968; L' = 0 (449 nsec), V' = 1 (410 nsec), Jeunehomme and Duncan, 1964].

The systems of interest all involve the A22+ state. Consequently, fludi‘eséence for each
consists of ¥ band progressions, the intensities of which are controlled by the respective
Franck-Condon factors, Qymyn (Jain and Sahni, 1968; Spindler et al., 1970). Each band
contains 8 resolvable branches. At low pressures these are represented solely by 8
lines. However, at high pressures rotational relaxation populates many more J' levels.
For the excitlng wavelengths considered here all Raman scattered components are
displaced by less than 13 nm from the source line and would pose no particular detection
problem. Band wavelengths and the Franck-Condon factors are listed in Table XXTI.
For excitation to the A22+ , V' = 3 level (Se line) the most suitable, and intense band for
monitoring purposes is the (3, 4) transition at 229 nm. At these short wavelengths inter-
ference filters are available but their transmission is directly related to their bandwidth
and a 10 to 20 nm FWHM filter has only a peak transmission of about 10%. Since the
filters main role is to provide a means for rejecting scattered light, in this case at

196 nm, and the nitrogen Raman component-at. 205 nm, this might be accomplished more
efficiently using NH as a filter (Callear and Smith, 1963b) to remove these shorter
wavelengths, with a solar blind photomultlpller tube to limit the detector response to
about 300 nm. In the other cases, the wavelength cutoff for an ammonia filter is too

low and 20 nm FWHM interference filters with a 10% peak transmission might have to

be used unless other chemical filters absorbing radiation at <230 nm can be found.

Based on such considerations the calculated detection 1imits, illustrated in Table XXIII,
are seen to be quite high and show little promise for exploitation as an alternate
stratospheric monitor. It appears unlikely that the sensitivity of the Se and cdt systems
can be sufficiently increased: .Zinc loses much of its sensitivity at 250 K primarily due
to the reduced concentration of the absorbing level (ni/n =6.9x 10_5). However, the
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Table XXII. Wavelengths and Franck-Condon Factors .

For Fluorescing v Bands

U'

v A nm Dyror A nm Qynyr AR Gy
0 195.8 0.151 215.1 0.330 226.5 0,162
1 203.3 0.198 224,2 0.107 236.6  0.262
2 211.2 0. 045, 283.9  0.000, 2474 0.237
3 219.7 0. 039, 244.3 0.069, 259.1  0.161
4 228.7 0.112 255.4 0.132 271.7  0.092,
5 238.3" 0.050,, 267.5 0.133 285.4  0.046,
6 248.5 0. 000, 280.5 0.098, 300.2  0.022
7 259.6 0.022 294.6 0.061g 316.5  0.009,
8 271.4 0. 063, . ©3810.0 0.034, 334.2  0.004,
9 284.1 0.083, 1326.7 0.017, 353.8 0,001,
10 297.9 0.078, 845.0 0,008, 375.4  10.000,
11 312.8 0. 059, 365.1 0,004, 399.3  .0.000,
12 328.9 0..040,, 387.3 0,001, 425.9  0.000,
13 346.4 0.024, - 411.9 0.000, 455.8  0.000,
14 365.6 0.014, 439.2 0. 000, 489.6  0.000,

Gymn values from Jain and Sahni, 1968
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possibility of using an NO source to provide sufficient sensitivity cannot be ruled out. ..
- Use could be made of the integrated (0, 0) to (3, 0) bands in the 190 to 230 nm regionto ..:
excite a larger fraction of the NO ground state population, with monitoring of the fluores-
cent bands in the 240 to 340 nm region. The factors limiting the line source:sensitivity -
are the low source intensity (10”° - 10™° W), the extent of the overlap with absorbing --
lines and the number density. (2-4% of n). of the absorbing state. All these factors would-
be improved upon with such a system. I is far too involved an exercise to calculate here
the ultimate sensitivity for such a system since it is a major task in its own right. The :
detailed factors Involved have been outlined by McGregor et al. (1972, 1973) who isolated
various lines in the (0, 0) band to monitor NO by line center absorption. Their source
was a high voltage discharge through a flowing mixture of argon, nitrogen and oxygen at
5 torr. It would not be unreasonable to predict two orders of magnitude improvement for
such a system if a source of 5 x 1074 w em™2 ster™! (~5x 1014 quanta sec'l) was avail-
able., Whether the detection 1imit could be lowered to that of the NO chemiluminescent
detector (0. 02 ppb), requiring a factor of 4000 improvement over an arrangement using
a Cd* source, would seem unlikely.

Although fluorescence appears not to have been reported in the infrared, various coin-
cidences have been noted and absorption coefficients measured for the lines of the fun-
damental or overtone band with various laser lines (Table III). The NO fundamental

band is centered at about 5.3 um, a region of appreciable water vapor absorption

(Murcray et al., 1969; McClatchey and Selby, 1974). This potential interference becomes
less serious if the sample pressure is reduced, and regions free from overlapping bands
may exist. However, a detailed assessment would be necessary to establish this fact.

At reduced pressure, absorption linewidths at 5 um decrease from an atmospheric pressure
value of about 0. 06 cm-1 towards the Doppler width of about 0. 004 cm-l. At 10 torr the
line will still be partially pressure broadened, but even so it is very narrow. Consequently,
under such conditions, coincidences have to be quite exact to maintain a suitable overlap.
Menzies et al. (1970) have measured the absorption coefficients in NO for various CO

laser lines (Table II) at 20 and 50 torr. These correspond to absorption cross-sections

in the range 7 x 1021 6 2x1071° em?. Hanst (1971) also has obtained the cross-section
of 6 x 10_20 cm2 for the iodine laser coincidence at atmospheric pressure. Such cross-
sections might be considered to be of an intermediate type strength. However, the long
-radiattve 1ifetime of the X1 level, 80 msec (Stephenson, 1973a), may produce a low

fluorescence efficiency. Quenching cross-sections although low for nitrogen and argon
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mayb-be quite large for oxygen. No data appears to be avaflable at present. By placing
the absorption cell within the CO laser cavity, Chackerian and Weisbach (1973) established
that.the absorption coefficient becomes enhanced about 250 times, implying an effective :
cross-section of 1x 1016 cm?, They estimated that 100 ppb could be measured at-
atmospheric pressure with such an absorption approach. Hinkley (1972b), Sulzmann

et'al. (1973), and Brockman and Seals (1973) also have discussed the feastbility of ;
using laser diodes tuned to NO absorption line centers in the infrared. . Fluorescence fn
this region does not appear to hold any promise as 2 high sensitivity detector for NO. . -

St
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NITROGEN DIOXIDE, NO

Nitrcgen dioxide fluorescence has been extensively studied w1th both continuum and line
_sources (404.6 to 694. 3 nm) in the visible spectral range. Absorption appears. almost
continuous in this region and the complex nature of the spectrum is evident in that fluores-
cence produced by a narrow line in a system at low pressure is a complex quasi-contin-
. uum which is probably a densely packed discrete spectrum For the 488 nm Art laser N
line, Sakurai and Broida (1969b) found no change of- transmissmn with electric or magnetic
fields of 3kV cm~ and 2kG, respectively. NO is photodissociated at wavelengths less -
than 398 nm, its bond dissociation energy . D (NO-O) is 71.8 keal mole™ (300 5kJ mole )
Absorption coefficients for the 240 to 700 nm region are illustrated in Figure 9 from
which values have been taken. More recent measurements by O'Shea and Dodge (1974)
of the absorption coefficients for various mercury and argon ion laser lines confirm
these values. Theoretical calculations (Gangi and Burnelle 1971) predict a linear 2B1
and a. bent B low-lying: electronically excited state. Transitions to both appear to occur
together over a large portion of the visible spectrum, However, Braslavsky and- Heicklen
(1973) have argued that the electronic state formed by absorption ( Bl) is not the emitting
state ( B ) and that a mechanism based on two electronic states is insufficient to explain
all the observations. The value of the lifetime of these excited states as with SO has
been a long standing anomaly. Values obtained from various studies (Neuberger and :
Duncan, 1954, ; Keyser et al., 1968, 1971; Schwartz and Johnston, 1969; Sakurai and_ .
Capelle, 1970; Sackett and Yardley, 1970, 1972; Sidebottom et al., 1972; Stevens et al. .
1973) all e in the range 45 to 85 usec, which is not only long for an allowed' transi_t_ion,
but two orders of magnitude larger than that calculated from the integrated absorption '
coefficient. Solarz and Levy (1974), and Sackett and Yardley (1971) have found short- :
lived components that imply at least same excited levels have lifetimes approaching those
calculated from the absorption coeﬁicient. The observation and assignment of such short-
lived states is difficult as a very large number- of excited levels are certainly long—lived
and the level density is sufficiently high that even the most narrow banded excitation sources
will populate these longer lived states. Measured lifetimes have not been found to be -
wavelength dependent and in these estimates a value of 60 usec has been assumed for all -
the cases considered. :

With exciting wavelengths at 400 to 470 nm the ﬂuorescence spectrum is_“es'se.ntially a
continuum e xtending from the line to about 800 nm. ‘For 435.8 nm and:-546.1 nm Hg -
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lines, Clyne et al. (1964) have measured the intensity distribution in the 500 to 800 nm
range (Table XXIV)..
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Figure 9: - Absorption Cross-sections for NO2 ®
" (from Hall and Blacet, 1952; Dixon 1940)
Table XXIV Relative Intensitles of NO Fluorescence -Quanta Sec -1
(from Clyne et al. , 1964)
" - Exclting - . - - Wavelength range,nm B
. .’tllin,e,,_.pm' . .. 495-570 . . 615-670 670-720 720-775,
“o4ss8 T T o0/s8 1.0 0.82 0.46
546.1 - ) 1.0 1.0 01 00 53 )
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There is a marked red-shift in the fluorescence spectrum with increasing wavelength of
excitation or an increase in pressure. Distributions are fairly similar above 600 nm.
Sakurai and Broida (1969b) exciting fluorescence with Art and Kr' laser lines between
457.9 and 520.8 nm found that the intensity of the continutum increases with increasing
wavelbngth. Less pronounced with shorter wavelength excitation, but increasingly 80

for wavelengths >440 nm, discrete bands are evident, particularly at low pressures, with
laser excitation in the 590 to 650 nm region (Brand et al., 1973a; Stevens et al., 1973).

p Wy Vy+Vpand
3v 2 etc. of the ground electronic state and represent ground state progressions such as. -
the V_2, 2v,, 3V2 bands (Abe et al., 1971; Abe, 1973). Sakurai and Broida (1969b) have
shown that these line features are quenched to a greater extent than the continuum back-
ground. Problems associated with monitoring the bands displaced by Yy (1318 cm” ),
2U (1499.6 cm™ ) or 3V (2249.4 cm™ ) arise owing to their close proximity to Raman
scattered bands of CO (1285 1388 cm ), O (1566 cm ™ ) and N, (2330 cm™ ) The

V., + 21/ band displaced by 2818 cm™ is the first that might be monitored with some

1
assurance. It has to be assumed that particularly at higher pressures the continuum’

These bands are displaced from the excitation frequency by Vo V

fluorescence is most persistent and the more desirable for monitoring purposes, other-
wise attempts to include the band displaced by Vi+ 2v within the accepted detection
bandpass would be necessary. For exciting wavelengths up to 500 nm a detection band-
width located anywhere from 600 to 720 nm would appear most appropriate. For the
other exciting lines, filters have to be used with a short wavelength cutoff that w1ll .
efficiently exclude the N2 Raman band which can be several orders of magnitude above
the dark current noise level of the photomultiplier tube. This factor is very important
in positioning the detection bandwidth to insure sufficient blocking at the Raman band
position. Appropriate detection wavelengths and bandwidths have been listed in Table
XXVI. Estimates of the fraction of the fluorescence monitored, f, have been drawn
mainly from the intensity distributions reported by Clyne et al. (1964). Collisional
quenching rate constants are dependent on both the exciting wavelength and the fluores—
cence detection wavelength. Values are largest for fluorescence near the exciting
wavelength and decrease with increasing energy separation between the excit'i‘ng and
ﬂuorescent radiations, an effect explained assuming the iniportance of vibrational =
relaxation processes within the excited state. Quenching rates are high and are a
reasonable fraction of the gas kinetic collision rate (~2 6 x 10 -10 cm3 molecule” sec-l)
Reported valdes have been listed in Table XXV for the self—quenching rate constant, kNOZ
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Table XXV. Collisional Self-Quenching Rate Constants

I for NO,, Fluorescence at 298 K (x1011 em® molecute™? sec-l)

ST c : . A fluorescence, nm

A exciting 4,86 458 >462 468 470 475 >480 489 509 546 548 566 580 592 599 >B630 633 635 660 700 725 785
~ L :

405 18 4.2) ' 6.4 5.5 3.7 3.5 3.5

436~ - (8.0 (5.1) (8.2) 13» 11} 4.8' (6.5) 8.2 6,6* (4.2) 5.6 (3.1) 2.9) 5.1 3.0% (2.4) 8.8 3.7 3.3+ 3.2 2.7+

: ) 570 >570 583 .>594 599 >600 603 623 635 660 700 720 725 785

o532 . 9.0t 7t o 7.5t
546 (9:5) (8.2) T (8.2) (8.2). 12 11 11 8.6 7.6
578 ‘ (10) 20 16 14 12 10
694 A ' 8,1t '

No identifying mark ~ Keyser et al., 1971
(). - Meyers et al,, 1966
. - Keyser et al., 1968
+ : ~ Sidebottom et al., 1972

Rates for other gases relative to that for NO2 show no pronounced dependence on excit-

ing and detecting wavelengths, and values for kM/IS\IOZ of 0.36 (M = Ar), 0.44 (M =O,),
and 0.49 (M = N2) are suggested (Table )Q(VI) Lee and Uselman (1972) have measured
the fluorescence efficiency at sufficiently low pressures that collisional quenching becomes
negliglble. Efficiencies approached unity for most exciting wavelengths. However, below
415 nm it declined sharply, being attrlbuted to an early onset of predissoclation. From
theif data a value for k 4 of 1 x 104 sec -1 can be derived for the 404.6/407.8 nm Hg
exciting lines. At 10 torr or higher pressures this makes a negligible contribution to

the ﬂuorescence efficxency at these wavelengths owing to the predominance of collisional

quenchmg.

As seen from Table XXVII the vpotential detection limits for the various systems considered
are remarkably low. Scattering is a severe problem though and a limiting factor. In
ordell to reduce it to manageable levels, it may be necessary to use less intense sources
and degrhge the limits proportionally. Mie scattefing is expecte.d to produce a one-

~quarter to three-quarter contribution to the total scattering. Values from Figure 5 have
been ueeg_to estimate its magnitude, the 30 km data for a 10 torr system and that at
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Tabie XXVI. Quenching Rate Constants for NO2 Fluorescence With

Various Gases‘Relative to k 1.0) -
NO, , ,
A exciting, A fluorescing," kAlj k O2 : sz v Reference
nm : nm
404,17 : 557.7 . 0.29 0.29 - Braslavsky and
630,0 © 0,40 0.39 "Heicklen, 1973
435, 8 486.0 0.42 0.38
557.7 ' 0.43° 0.38
630.0 0.35  0.36
480.0 557.7 _ 0.26  0.29
630.0 -7 0.35 0. 36
435, 8 >462,0 - 0.30 , 0.48 0,44 Myers et al., 1966
468.0 0.39° '
489.0 . 0.36
'548.0  0.36 -
> 570.0 ©0.55
592.0 0.39
633.0 0. 37
Recommended values : B 0.36 0.4  0.40
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15 km for 100 torr. R has been assumed that in a pressurized system at 760 torr: ~.":"
particulates will be largely removed and for this only the Rayleigh component is quoted. _ -
The sensitivity expressed in ppb is seen to be independent of altitude (pressure). _Since ,
stratospheric concentrations appear to be in the range of 1 to 10 ppb a system utlllz’lng_ o

excitation in the 405 to 465 nm region {s recommended. The He.Cd laser has.been . .
reported to be a liftle noisy (Brown and Ginsburg, 1974) and unless a suitably amplitude- .
stabilized model can be attained, a source of the blue Hg lines may be superior for incor-
poratlon in a piece of flight hardware. ’ '

Gelbwachs et al. (1972) and Tucker et al. (1973) have measured the sensitivity of laser ¢
fluorescence systems at atmospheric pressure using a 100 mW, 488 om Ar? laser, and
a 15 mW, 441.6 nm He.Cd laser. They noted that concentrations of 1 ppb could readily
be detected. No interferences from NO, so 03. or azo were observed, and it is
unlikely that other gaseous atmospheric consutuents are likely to produce lnterferlng
signals. However, they did note that largeparticles (>5um diameter) did contribute

to the fluorescence signal (Gelbwachs and Birnbaum, 1973). Stratospheric particles are
of a much smaller size though and should only Mie scatter. .

Ihfrared fluorescence from NO, appears niot to have been studied, but various coinciden-
ces have been noted (Table III) between CO laser lines and absorption lines in the strong -
Vg fundamental band centered at ahout 6.24m (1618 cm” ) The wavelengths of the latter
system have been measured recently to high accuracy and it appears that several coin-
cidences are sufflciently exact to be within the Doppler width of the lines even at reduced -
pressure. However, potential interferences from the: H,0 lines particularly in its v,
band in this same spectral region appears severe (Murcray et al., 1969; McClatchey and -
Selby, 1974). Time does not permit a more detailed assessment of such spectrally:over-
lapplng interferences, but a preliminary examination does appear to rule out such an-

infrared fluorescence approach for NO2 in the atmosphere. it
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NITROUS OXIDE, N 0

In the uv-visible region, N 0 shows only a continuous, dissociative absorption in the

far ultravlolet whlch is composed of three overlapping transitions. That associated with
330 - X'Z* is weak and ltes at 280 to 306.5 nm having a flat maxtmum in the vicinity
of 290 nm (absorption cross-section ~5 x 10~2% cm?). - From 260 to 280 nm an equally
weak b" 31'! - X12+ transition has a maximum value at 273 'nm and a similar absorptlon
cross-sectlon. Below 260 nm absorption rises sharply to a maximum value at 182 nm
(1.2x10° -19 cm ) and has been assigned to transitionsto the lowest singlet state, A 13*,
Absorption cross-sections forthese regions have beengiven by Bates and Hayes (1967),. The
~ first discrete region of absorption lies in the vacuum ultraviolet between 140 and 160.nm,
Preston and Barr (1971) have established that the primary quantum yleld for photolysis .
of N 0 ln these spectral regions is unity and:that radiation at 180 to 300 nm produces

N + 0 ( D) - As a consequence of the repulsive nature of the upper state involved in
absorptlon in the uv region (Holliday and Reuben, 1968) it will not be poss(ble to stimulate
fluorescence from N 0 at these wavelengths.

The likelthood that the infrared region holds any promise is equally remote since all
three:fundamental bands lie in regions where there is significant absorption by other
atmospheric specles. Goldman et al. (1970, 1973a) and Murcray et al. (1969) have .
managed to reduce.solar absorptlon data for a spectral region near the center of the
4.5 m band (N-N stretch frequency), which is otherwise overlapped by CO and '%co,
lines, and have observed the 7.8 m band (N-O stretch frequency), although the latter.
is quite severely obscured by overlapping bands of CH 4 and HZOA. The possibility of
exciting fluorescence In these or the 174m band (bending frequency) for analytical-
purposes appears remote. Some care has to be taken in discussing the frequencies since
the commonly labelled v, (1285 cm'l) and v (2224 cm_l) frequencies have been .inter-
changed in Shjma.nouchl's (1972) tabulation of molecular vibrational frequencies so. that -
the 2224 cm~ value is labelled V

The only fluorescence studies with N 0 Table 0, have lnvolved the N O 10. 6 pm laser,
resonantly pumping from 001 (1285 cm ) to 100 (2224 cm ™ ), ﬂuorescence being observed
at 4. 54m from the latter. This transition‘cannot of course occur in room-temperature
N,O samples. Recently, Mills and Long (1974) have reported absorption measurements
for N O pressure broadened samples (atm pressure) using 5 DF laser wavelengths between

2546. 42 and 2594.25 cm™ lylng in the N20 overtone band (N-O stretch frequency). Two
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of these lines are nearly coincident with absorption lines and measurements are reportedly
in progress to establish the extent of the frequency mismatch. Lowder et al. (197 1) and
Sulzmann et al. (1973) have also assessed the potential of center line absorptlon and _ e
derivative spectroscopy for lines in the 4.5 4m band using tunable diode lasers. qu’»{qv‘s;x:,
such approaches appear to hold little promise in a fluorescence mode of detection. ' '

ot
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"HYDROXYL-RADICAL,-OH -

......

particularly Tow and may be of the order of 10parts per trillion or less; consequently,
fluorescence systems for its detection will have to be efficient, use a reasonably intense
source, and Be’ relatively free from spectral interferences. The extreme sensitiv1ty of ~
OH fluorescence has long been recognized and was utilized several years ago aboard
rocket flights through the upper atmosphere for which the resonance fluorescence of

the (0, 0) band of theA22+ - XZI'I transition at 306.4 nm was monitored in evening twilight
conditions (Anderson, 1971a,b). More recently, its potential has been clearly illustrated
by the work of Wang (1974) and Wang and Davis (1974) who measured OH concentrations
in atmospherlc pressure air down to 5 x 106 cm'3 (0. 2 parts per trillion). Other reported
fluorescence studies using line excitation are listed in Table II. Anderson (1974) also is
finalizing the development of a highly sensitive system using an OH source of the (0, 0)
band radiation (1015 photons em™2 sec'l) and predicts a lower limit of detection in the
stratosphere ~10° em”

The systems that are most sensitive have been fully described in detail by Wang and Davis
(1974) and by Anderson (1974). The former tunes a pulsed, frequency doubled dye laser
to the P (1) or P1(2) line at 282. 17 nm or 282 58 nm, respectively (Engleman, 1972) to
pump the (1, 0) transition in the A 2+ - X I'I system. Frequency narrowing of the line
was accomplished using a Littrow grating and an intracavity Fabry-Perot etalon, fine
tuning being achieved by varying the mixture of helium and propylene in the etalon spacing.
An output of up to 6 mJ per pulse ( ~8 x 1015 quanta) of the 2nd harmonic was obtained.
Fluorescence near 309 nm ascribed to (0, 0) radiation was monitored, it lying sufficiently
removed from the N2 Raman band (695 cm'l) to eliminate any interference from this.
They calculated an absorption cross-section of 1.2 x 10'17 cm2 for this transition and a
detection limit of 5 x 106 cm's. Earlier development work was reported by Baardsen
and Terhune (1972). Lengel and Crosley (1974) have noted that gases such as N, or Ar
rapidly relax V' =1to V' = 0 in the A E"' state. Transfer is only slightly less efﬁcient

than rotational relaxation. For N2 a preliminary value of ~0.15 mn2

sponds to~3.6 x 106 2%m3 molecule tsec™!. This explains the presence of intense (0, 0)

fluorescence in this system even though pumping is to v'=1, and also the extreme weakness

was quoted which corre-

of the (1,1) fluorescence in spite of its large Franck-Condon factor. To convey the relative
spectral positions of these OH bands of interest their approximate bandhead wavelengths are
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(0,1)342,.8nm, (1,1)312.2nm, (0,0)306.4nm, and (1,0)281.1 nm. Wang and Davis (1974)"
have @scussed the background signals observed and the potential interferences. 80, .and_.NO2
can constitute aninterference since they absorb at these wavelengths and fluoresce in-the detec~
tion bandpass. Becker et al. (1972,1974) similarly have worked with a pulsed, frequency.
doubled tunsble dye laser but in the 300-320 nm region pumping the resonance (0, 0):
fluorescence excitation and using a monochromator to isolate a section of the band. Such
systems are rather sophisticated and require occasional adjustment. Consequently, .although
- satisfactory sensitivity is attainable it is an impractical approach for placement.aboard a
U2 plane for automatéd- stratospheric OH concentration monitoring . -

The system that has been fully described in an as yet unpublished report by Anderson (1974)
appears a more feaslble approach for flight hardware. This utilizés either an RF or
microwave discharge in an Ar/H O mixture to produce the intense (0, 0) A Z)+ 21'1
radiation (~10 photons cm -2 sec 1). Rayleigh and Raman scattering effects are '
avoided by monitoring ‘the (0, 1) band. Assessments of the detection limit give values of
about ~10 cm -3 sufficiently sensitive for stratospheric applications.

The natural lifetime of the v' = 0, and 1 levels has been extensively studied. Réceﬁtiy
reported values all fall within the range of about 514 to 830 nsec and have been summarized
by Becker and Haaks (1973) and Becker et al. (1974). Older literature values, which

~ show a wider $pread are given by DeZafra et al. (1971) and German et al. (1973). The
lifetimes of the two levels are quite similar and a mean value of about 670 nsec appears
a best estimate, and has been used here. Several states are known to exist that cross
the A213+ state. However, although prediss-ociation is observed in the OH (AZE+ - XZI'I)
system it s only apparent at high K levels in the v' = 0 (K2 30) and v' =1 (K 2 21) bands
and will not be of concern here (Sutherland and Anderson, 1973) Electronic quenching
of the A2'E+ vibrational levels has been studied with various gases. For nitrogen, values
range from about 5 x 1012t 5 x 10711 cm® molecule ! sec™! and a mean value of about
1.2 x 10"! might be assumed (Kaneko et al., 1968; Kley and Welge, 1968; Becker and
Haaks, 1973). With argon, values are lower, being in the range <2x 10™ ™ to 1 x 10712
a value of 5x 10”13 has been taken (Kley and Welge, 1968; Becker and Haaks, 1973;
Becker et al., 1974). For oxygen, data have only been obtained in flames and correspond
to a rate constant of about 5§ x 10_11 (Carrington, 1959; Hooymayers and Alkemande, 1967).
Consequently, nitrogen and oxygen will contribute equally to the quenching of OH (A 22+)
in air samples. Fluorescence efficiencies are 0.16 (10 torr), 0.019 (100 torr), and

0. 0025 (760 torr).
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The fluorescence excited with the Bi 306. 7 nm resonance line has been studied in flames
by Carrington (1959, 1960) and Hooymayers and Alkemade (1967). This source line is
compdsed of 4 hyperfine components that lie between the R2(9) and R2(10) lines in the
(0, 0) band of OH. In a reduced pressure sample the extent of the overlap will become
significantly reduced. Also at a temperature of 250 K the absorbing population density is
quite low since these transitions are from levels that are at 16938.2 and 2056. 5 cm_1
- -respectively, above the ground state (Hooymayers and Alkemade, 1967). Consequently,
since a Bi line source of only 5 x 1073 w ster ! cm™? s avallable (Table IX) it would seem
unlikely that such a system could be refined to measure the exceedingly low concentrations
. of OH that are predicted for the atmosphere. Simfilarly the possibility of using the Zn
307. 2 hm line (Table II) to pump the ground rotational level can be discarded since this
line is weak, being only 10'2 times that of the zinc resonance line w"hich has been seen
elsewhei-e in this report to be available with intensities of about 5 x 10"4 w ster_1 cm°2.
This is unfortunate since. its coincidence with an OH line is very close, ;w.hlch fact has been
used by Hollander and Broida (1967, 1969) to measure llnelpfoflle_s in flames by the
Zeeman scanning technique. '

. Although OH can also be monitored in absorption (McGregor et al., 1972) the fluorescence
mode is more sensitive and less subject to spectral interferences. Infrared fluorescence
is not possible for OH detection with atmospheric samples owing to severe interferences

by H,0.
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SULFUR DIOXIDE, SO, ' e g

PRI B
The spectroscopy of the low-lying electronically excited states of SO has long be‘en a
difficult problem. Much work has been devoted to elucidating the nature of the two
1 B produced by absorption of radiation at waveleng‘ths greater than
250 Am where no photochemxcal dissociation occurs. The dissocxation llmit of the ground
state X- A corresponds to a wavelength of about 219 nm, D (SO—O) =130. 8 keal mole
(547 3kJ mole ), and absorption at this or shorter wavelengths is accompanied by

-3
. 3
exc 1ted states B

predissociation of the molecule.

In the near ultravxolet there are three main reglons of absorption. A very weak 'forbidden'
absorption to the B electronic state in the region 340 to 390 nm. A strong absorption
between 250 and 840 nm generally attributed to the B - A transition, but probably
consisting of more than one electronic transition. Brus and McDonald (1973) have
presented evidence for the existence of two emltting singlet states. A still stronger
absorption lies tn the 190 to 235 nm range and has been identified with the 'B, ~ 'A. and
possibly other systems. Cross-sections for these absorptions are illustrated in Figures
10 and 11 and show a complex coarsely structured nature. .

The lowest excited state, 3B1' phosphoresces with a radiative lifetime of about 9 x 10-4
sec (Otsuka and Calvert, 1971; Sidebottom et al., 1971; Strickler et al., '1974) and is

3 molecule™! sec”! at 250 K

quenched by air species at a rate of about 5 x 16_14-cm
(Wampler et al., 1973). The very low absorptlon cross-section (~3 x 10722 cm2) together
with the small ﬂuorescent efflclency is sufflclent to elimlnate this region from further

consideration. o N " g
Absorptions in the 250 to 340 nm reglon popiﬂate the: 1B electronic state and possibly
others. Resultlng fluorescence emlsslon extends ina contlnuous band from the exclting
line to about 500 nm, peak emlsslon being in the vicinity of 340 nm - The spectral distri-
bution of the envelope is falrly independent of the exciting wavelength (Mettee 1968). As
with NO the measured ﬂuorescent collision-free lifetime is at least 2 orders of magnitude
larger than that computed from the integrated absorption coefficient (0. 2 usec) This
anomaly discussed by Douglas (1966) has been ascribed to the mixing and perturbation

of vibratlonal levels of the state with those of other electronlc states. Prevlous consider-
ations as to whether the measu.red colllslon—free lifettme was entlrely radiative or whether
additional non-radiative unimolecular internal conversions played a role have now been

discarded (Brus and McDonald,1973; Calvert, 1973). -Absorption in this region can best
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Figure 10. Absorption Cross-sections of SO2 at 200 to 260 nm,
0.2nm Spectral Resolution (from Warneck et al., 1964)
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' Figure 11. Absorption Cross-sections of SO, at 260 to 315 nm
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be interpreted as producing two different states which appear to have different quenching
rates and zero pressure lifetimes (Brus and McDonald, 1973). The principal group has
unusually long radiative lifetimes (80 to 600 fisec) decreasing to shorter excitation wave-
length. The second group has lifetimes of about 49 isec. Collisional quenching rates

are very high. For the long-lived states these are within a factor of 2 to 5 of the collision
frequency, which is ~2.5x 10719 ¢m3 molecute™? sec” (Mettee, 1969; Sidebottom et al.,
1972; Brus and McDonald 1973). The short-lived states have quenching rates that appear
to be larger than this. In spite of the many detailed studies, available data for the
radiative lifetime are still inconsistent. Greenough and Duncan (1961) obtained a value

of 42 gsec using broadband flashlamp excitation, Brus and McDonald's values range from
79 psec (261.7 nm) to 532 Msec (320 nm), and Martin (1973) obtained 35 to 57 gsec (250 to
315 nm). Disagreement is particularly evident at the longer wavelengths. In i::hese
assessments a value of 80 usec 'and a collisional quenching rate of one-quarter the gas
kinetic frequency has been assumed. The very low fluorescence efficiency reflects the
high collisional quenching rate. The detection limits have been calculated for the two
sources that have been used to excite fluorescence in this region, namely the fourth
harmonic of the nebdymium laser and the strong 253.6 nm Hg line which is the predominant
radiation from a low-pressure lamp. Values are listed in Table XXVIII.. A 10 nm
(FWHM) interference filter centered at 340 nm has been assumed. The dark current
noise level of the photomultiplier tube corresponds to about 100 quanta sec_1 at this
detection wavelength. A frequency-doubled tunable, cw dye laser also could be used as

a source operating in the 260 to 310 nm region. At these short wavelengths the Rayleigh
scattering is very severe. Raman scattering from the air components will fall outside

of the filter bandpass and poses no problem, The nitrogen Raman band at 284 nm lies
closest to the 340 nm detection channel. For these 0.1 W sources, the magnitude of the
scattering is listed in Table XXVIII. Contributions from Mie scattering are negligible

at these wavelengths. It will therefore be necessary to provide 6 to 8 orders of magnitude
attenuation to sufficiently reduce the Rayleigh component. An interference filter provides
about 5 orders. The photomultiplier, fitted with a lime-soda window will provide a further
attenuation factor. Additional Corning filters might also be used, for example filter
number 0-54, or polarizers. The calculation has simply assumed the use of two inter-
ference filters, each with a peak transmission of 25%, in series, so producing an overall
transmission of 6%. Since the?scatl;ering is so severe at these short wavelengths, little

is to be gained by using higher power cw sclmrce‘s or pulsed systems to lower the sensitivity
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limits. Some assessments have been made by Measﬁres and Pilon (1972) of the potential

of 802 laser fluorescence for mapping pollution in the air at ground-level.” They u'se_ the
second harmonic of a high-power ruby laser at 347.2 nm and lidar techniques comparing .., -
the fluorescence approach with the differential absorption and scattering method. The .
absorption coeff1c1ent is much reduced at this wavelength and consequently fluorescence:

levels are very low, .

From the analytical point of view, emphasis has been placed on thé third spectral region; - -
190 to 235 nm, owing to its much réduced radiative lifetime. However, less is known of

the C and D states lying more than 40, 000 cm'_1 above the ground state. -The radidtive - -
lifetime has been taken as 10 nsec (Smith, 1969, 1971b; Okabe, 1971), however, Hui

and Rice (1972, 1973) have reported a value of 32 nsec. Fluorescence quantum yields ~-
have been measured by Okabe (1971), and Hui and Rice (1972, 1973) in the 200 to 230

nm region. At low pressures these fall away sharply for excitation energies of less

than 220 nm due to predissociation of the electronically excited SO2 state. This shdrtens
the elffective fluorescent lifetime by about a factor‘ of 8 from which a value of k q° 71)1< ;O 3
sec ~ can be derived. Collisional quenching rates for the state are high, ~5 x 10 '
molecule—1 sec”t (Okabe, 1971) which is about 0. 2 times the gas kineétic collision frequency.
Fluoresce_r.\ce studies in this region have used Zn, an', Cd line _sourc'es, } Zn“t' (210 nm)_
sourcee are very weak and do not nierit further‘consideration. Zn (213.86 nm) and \C'd

(228. 80 nm) are the strongest Imes of these elements. Cd appears to be most intense

in metal vapor dlscharge lamps, whereas comparable intens ities are emitted from hollow
cathode, metal vapor or electrodeless microwave discharge lamps for Zn. The assumed

intensities used in these calculations are 10°2 W cm~2 ster ! for cadmium and 5 x 1074
w cm_2 ster_1 for zinc. A source area of 0.5 cm2 is assumed. The fluorescence spectrum

appears to be continuous over the range 240 to 420 nm with a broad maximum at about

320 nm (Okabe et al., 1973). Although the zinc source is twenty times weaker and also pre-
dissociates a fraction of the excited SO2 the absorption cross-section is 56 times larger.
Calculated detection limits (ppb) for these systems are listed in Table XXVIII and are small-

est for Cd, decreasing with increasing pressure.

Okabe et al. (1973) have investigated experimentally the analytical potential of 802 fluor-

escence excited by these Zn and Cd lines. Their preliminary system produced a detection

limit of 20 ppb which is consistent with these calculated estimates. They also investigated

possible interferences from a series of gases known to be present in ambient air and found

the system interference free for the current application. Although NO also fluoresces when

excxted with the Zn 213 86 nm line it is very weak at room temperatures and predommantly
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in the.215 to 280 nm region.

Infrared fluorescence appears not to have been studied for SOz. However, various line
coincidences have been noted of potential interest for absorption techniques. Hanst (1971)
has observed that a neon laser line at 7. 4237 pm (1347. 04-cm’-1)-lles in the strongest SO,
infrared band (v 3) centered at about 7.354m. However, this lies in a region seriously
overlapped with water bands which might produce a severe interference for any ppb detec-
tor. Also, owing to the narrowness of infrared laser lines. in this region (< 0. 002 cm-l)
and the Doppler width of an absorbing SO 9 line (0. 002 c_m.f'l.) little absorption would be
expected at reduced pressure for such systems unless an almost exact colncidence occurs.
The same considerations also apply to the possible coincidences noted by Menzies (1971)
between some very high vibrational CO laser and 802 lines (Table II). Brockman and
Seals (1973) have assessed the feasibility of absorption measurements in this region using
tunable diode lasers. The low sensitivity derived by them would apply equally well to any
fluorescent type approach. Similarly, Hinkley (1972a) has.also considered the use of
diode-lasers but operating on the slightly weaker ul_ band centered at 8.7 4m, a region
less. susceptible to spectral interferences. . .

It appears that a system based on Cd (228. 8 nm) induced fliorescence is feasible for
SOZ' Rayleigh scattering can be eliminated by the combined interference filters and
photomultiplier attenuation factors. Mie and Raman scatterings pose no problems.
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‘SUMMARY AND RECOMMENDATIONS A T

it may be approprlate at this point to briefly summarize the conclusions reached for the
individual species considered here. It will also serve to concisely lllustmte the promlse
and limitations of this molecular fluorescence approach for future stratospherlc monltorlng

i

applications.

Cl - Although atomic fluorescence is extremely sensitive for chlorine, abserptlens;e;f;..
lie in the vacuum ultraviolet and so are inappropriate for air samples. '

cl

2 Fluorescen ce 1s too weak for chlorine to be of any analytical value. Otherwise; .

it can only be stimulated by the weak Raman interaction.

Clo Although predissociation is evident in several of the absorption bands, the
(12, 0) at 277 nm is sharp. Absorption cross-sections are large and it may offer- -
some promise. However, its fluorescence is as yet uninvestigated and the C10 .
(A21'I3 /2) state is poorly characterized concerning its radiative lifetime and lt‘s":.ﬁ.-.vf-:
quenching rates. . . Tt

The strongest ieglon of absorption at 351 nm bhofodlsseclafes the stable C
0C10 molecular forn. Longer wavelength excitation with, for example, an'Ar+ Lo .\
laser line is weak, partly due to a small absorption cross-section and also due to -

clo

AR

extensive dissociation, which appears to be predominant at all these wavelengths.
The cross-section for the 351 nm band 1s such that an absorption technique may >
be suitable for this species. The isomeric form C100 is very unstable and its +
detection at low concentration levels is unlikely with a fluorescence technique.

co The vei'y sensitive CO (4th positive) fluorescence lies at wavelengths < 154 nm' .
and is unsuitable f{ir air samples. Although CO infrared fluorescence .’can}be lnduced,'g
a minimum detection of no less than 1 ppm is feasible.

Since ground state absorption lies at wavelengths < 110 nm the direct detectfon i
of hydrogen other than by Raman scattering poses a difficult task. '

' HCHO Absorptlons in the 280 to 350 nm reglon produce ﬂuorescence from the A X
system. Levels are sharp in spite of the fact that radlatlonless transltlons ,lead
to a near unity quantum: yield for dissociation, Lifetimes of some of the vibronic 1evels
are suﬁ'ielen;ly short that in spite of this and the fast collisional quenching rates :

e
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HCl

reasonably strong fluorescence is still observed. However, the system is limited
by Rayleigh scattering and a practical detection limit of about 50 to 100 ppb may be
about the best achievable; too high for stratospheric application.

The only spectral feature of interest for this molecule is the infrared fundamental
band at 3.5um. Low fluorescence efficiencies and limited detector sensitivity predict
such high detection limits that the system is of little use analytically.

HONO Nitrous acid vapor appears to photodissociate in the ultraviolet with a primary

quantum yield of unity. The infrared fundamental bands have been characterized
but lie in regions where other atmospheric components absorb. Fluorescence
techniques hold no promise. Moreover, detection by any absorption or emission
technique may prove to be difficult.

HONO This molecule is photodissociated with a primary gquantum yield of unity in the

ultraviolet where its absorption spectrum is continuous. Infrared bands are either
severely interfered with by overlapping H 20, O3 and CH 4 lines or too weak to show
any promise for fluorescence detection.

This only exhibits a dissociative continuum in the far ultraviolet and weak

~ infrared bands. No fluorescence studies have been reported, or are likely to be.

-~ Its only uv-visible region absorption system lies at 170 to 217 nm. Prediss-
ociation is evident with no fluorescence. In the infrared an almost exact coincidence
between the P(13) line of the N 0 laser and a line in the strong V band ‘of NH3 at
10.8pum (928 cm™ ) may have potential in fact more than any other infrared
fluorescence system considered, for monitoring ammonia. However, sensitivity

at best will 'be in terms of ppm.

Several atomic lines coincide to various extents with abserptiens in the ¥ bands
of NO. However, the lowest calculated fluorescence detection limits are in the
range 40 to:80 ppb, the most sensitive systems being those with Cd+ or Se li_rg_e: sources
in the vicinity of 200 nm. The low sensitivity results from a combination of factors,

‘source intensities, a low concentration in the absorbing level, and only partial

overlap between the source and absorbing lines. Sensitivity could be improved
several fold by using a cd* lamp enriched in its odd isotopes or by using an NO
Y band molecular source. However, these systems will never be serious competitors

. for the NO chemiluminescent detector.

119



NO

for flights through the stratosphere. . O

As a result of its complex nature, although N02 fluorescence has been exten-
sively studied, various spe ctral features are still not entirely characterized.
However, potential detection limits can be calculated and for various exciting line
sources are remarkably low, the monitoring of concentrations at the 1 ppb level
being easﬂy attainable. Light scattering can be severe and may ultlmateljr control
the lower limit of detection. A system using a He.Cd laser or the blue Hg lines
appears best for incorporation in flight hardware. : i

This only shows dissociative absorption continua in the far ultraviolet: The
Infrared region is equally inappropriate since the three fundamental bands lie in. ,
regions where there is significant absorption by other species.

A tunable laser system is sufficiently sensitive for OH measurements but im-

‘ practical for the fully automated system demanded by a U2 plane. Its applicatlon

to lower altitude measurements aboard larger aircraft is probably assured. A
system incorporating an RF discharge source of OH radiatlon is particularly )
appropriate and appears to have a detection limit near 105 cm-s, quite sufficient -

Coe

Of the three main regions of absorption in the ultraviolet the most sensitive
is that lying at 190 to 235 nm. Zn and Cd exciting systems are appropriate ln
this region, the latter belng 'the more sensltlve. Measurements down to about 1 ppb
appear feasible.

It should be noted therefore, that as a result of various factors, infrared ﬂuoresoence

. techniques in general cannot be exploited in sensitive analyzers. The species OH, NO o

and SO all can be monitored using uv-visible fluorescence systems with:a sufficient
sensltlvlty to warrant their development as analytlcal flight hardware. It mlght also be
appropriate, at some period, to obtain the data requlred to perm1t a charactemzatmn ’

of the potential of C10 fluorescence.
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