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ABSTRACT

We have tuned a narrow band laser through the visible
'absorptioh spectrum of NO2 and have observed the variation in

the intensity of the v, fluorescence mode located at '\1750cm_1

2
from the incident laser frequency. Several narrow structures
which consist of sharp and intense lines werevfbund. We have
investigated one of these structures, which corréspondé to a
set of absofption lines found by'Douglas and Huber, in detail

and have performed a partial rotational analysis'bf it by re-

solving the v, fluorescence.



INTRODUCTION

 .There is an enormous body of literature bn the spectroscopy .
of'NOZ;,howéver, there are still greatvunceftaintiés associated with
the interprétation of its complex absorption specﬁfum, even though
seﬁeral‘limited regions have been analyzed successfully usingvabsorp-

2,3,4,5,6 114 microwave-optical

tiohl, laser induced fluorescence
double resonance7’8 techniques. There is also_a continuing problem .
of reconciiing the short excited state lifetimes deduced ffom the
absorption spectruin with the long measured lifetimésg,'although

' 7,10

"~ several workers have reported evidence of short lived inter-

‘-‘mediate stafes in N02. Recently, Stevens et._al.s haye uséd high
resolutioﬁ quorescehce spectra excited by a tdﬁable laser to attempt
to makévassignmenfs of certain-absorption features in the NO2 spectrum
near 5940 A.  Their work points out the value of tuning a laser to
a'particulér-ébsofptién feature in order to facilitate spectroscopic
analysis}

As‘part of a project designed to determiné the feasibility
of narrow-band fluorescence or resonance Raman 5cattering11 as a
remote ﬁollutant monitor,12 we have been searching for large
fluorescénce'Cross-sections ffom NO2 using a narrow-band tunabie.dye'
laser. In the course of»this investigation, wé have looked at
the inteﬁsity of the v2 fluorescence modé, whicﬁ is locaﬁed
m750¢m_1 Beldw the lésef freQuency, while scanning ‘the laser
from>4235 R to 6025 R with a'bandwidth of'¢.1 X,.,We have found.‘

several narrow regions which have greatly enhanced cross-sections.



One of these regions, which corresponds.to a set of absorption
lines fdunavby Douglas and Huber1 near 4545 X (22000cm_1), has
been invesfigated in considerable detail. For this region we

have perfofmed an analysis similar to that'of.Abe et. al.2

’ana Steyéns et. al.5 and confirm the rotationaitaséignments made
by ﬁougiéévand Huberl. Our results show that these sharp struc-
tures aré hot due to accidental overlap of aBsorption lines but

"to well defined states in the NO2 molecule.

EXPERIMENTAL DETAILS

The light source used in this experiﬁehtvwas a nitrbgen—
laser—pumped'dye laser similar to that of Hénschlsx ‘The six dye-
solutions used to cover the wavelength region fr0m>4235-6025 R are
listed'iﬁ Table I. The laéer bandwidth'was narrowéd by using an
intra—cavity beam expanding telescope in serieg with a grating
which férméd one end mirror of the cavity. The grating.was blazed_
at 61° and operated in fifth or sixth order. In‘tﬁis configﬁration
the laser héd'a bandwidth of\vl$cm-1, and could be continuou§1y
tuned over fhé entire gain.profile of a single dye by using a small
clock motOr.to drive a micfometer'which controlled the grating tilt.
angle. Duriﬁg‘such funing, occasional siight aajﬁstment of thé_vérfrl
tical tilt of the grating was necessary to maiﬁfain'maximum output
power. In ofder to further decrease the linewidph for highér
. resolution scanning of a limited region, an air_spaced etaldn-whichL
had a free spectral range of lcm.1 and a finesse of about 20 was

inserted between the telescope and the grating. In this configuration,
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the laser had a bandwidth of ~.0dcm 1. The etaidn and the grating
were'eﬁcloséd in a vacﬁum Fight chamber so that_fine tuning could
be accomblished_by varying the pressure withiﬁ theichamber. Since
pressure tuning requires no mgchanicai)manipulatioﬁ of either the
grating or the etalon, the bandpass of the etalon automatically
remains centered on that of the grating. Pressﬁre tuning allows

us to scan a frequéncy interval of Scm—1 in steps'of .Olcm'1 in a

.stablevahd reproducible manner. The pressure was monitored by -

means of a mercury manometer.

' ‘A quantity. of purified NO, was obtainéd from Dr. Harold
Johnéton5$3group in the Chemistry{Department at.the University of
California;.Berkeley. PUrifiéation14'was carried out by first stor-
ing liqﬁiQ-NéO4 in one atmosphere of‘oxygen at 0°C for 24 hours.

The materiél was then placed in a dry ice bath‘and uncondensed
gas was removed by pumping; The condensate was thén distilled
from -20°C to -76°C several times, with the first portion of the

distillate discarded in an attempt to remove HN03' A sample of

‘the resulting gas, at lmm pressure, was enclosed in a pyrex cell
4.5cm in diameter and 5cm long. Fluorescence from the sample

. was collected in a direction perpendicular- to the incident beam with

an f/3{4 iens-ahd,focused onto the entrance slit of a_Jafreil Ash
doublé monoéhromator. In order to avoid héating or-dis#ociation of -
the NO2,va'cyiindrica1 lens wés placéd before the sample. This |
lens defbcpsed.the.incident laser along a line éoiﬁéident with the

axis of the'spectrometer,forming a beam about 2mm X 3cm at the position
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of the'sémple. The incident light was polarizéd'perpehdicular‘to
the entrance slit of the monochromator, and no?éttempt was made to
analyze’fhefscattered'light. Light reaching fhe exit slit of the
monochromatdf was détected by a photomultiplier feither RCA 8575
'orIRCA 7265) whose output passed through a gated,_integx_‘ator15 which
diSplayed the results on a chart recorder.

| Four types of experiments were’performed'with the apparatus
'5u$t descfibed. First,a coarse scan was taken thiough'the gain | ‘
profiles'6f the six dyes listed in Table I. For:this experiment, -
fhe»lasérvdid not contain the intra-cavity etalon, and its'frequency
was variéd'by using a clock motor to:drive the giatingimounf{ ‘The
spectrometer was set to the v, mode éf NO2 at1550§m_1 from thevlésér
frequency and wa$'advanced by haha every time tﬁe laser scanned
N 7;. ,Thé_bandpass-of the spectrométef was 25A fqr‘these experimenté.
Any sharp;:iﬁtense structure seen on this first scan was'rescannéd
" in the same:manner'to check reproducibility. In Fig. 1 we piesent :
the most.interesting'structures fouhd with this éiperimental proce;
" dure. VFdf angiven dye, other structurés weré dﬁéefved, but they
were either of lower intensity or did not consiét of resolvéd
Sharp lines. One of the structures shown‘in Fig;-i océurs‘in a
region deséribed by Douglas and Hﬁbér;,in their'study of the NO2 ,
abéorption.spectrum, and we chose to investigate fhis fegion in more
detail. 1E0rvthis pﬁrpose, we inseftéd the intfaicéyity etélon into -

the laser and, with the spectrometer set 750cm-1 from the central
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frequency of the band, we used our pressure tuning to vary the

laser frequency across the band. The result of this scan is shown

- in Fig. 2 where now one can see the individual lines resolved

clearly. The spectrometer bandwidth was ~ 120cm_1 for these ex-
perimentﬁi The lines shown can be correlated directly with those
seen in absorption by Douglas and Huberl.

| By scanning the speétrometer with thé laser tuned to
frequencies near line B in Fig. 2, we have taken low resolution
spectra'of ;he fluorescence from NOZ' Fig. 3 shows scans taken
at laser frequency shifts of Av = 0, -0.04, and -0.2cm-1 from
line B with a spéctrometgr bapdwidth of 120cm-1. It is apparent.
that the intensities of the vz‘mode énd its first and second over-
tones are stropgly frequency dependent.i Finally, we have made‘high
reSolutipﬁ spectrometer scans qf the v, mode with the laser set to
the ﬁeak-frequencies of the strong lines in Fig. 2 (designated by
the letters A through H). The monochromator ﬁandwidth for these
exﬁeriments waé.set to 4cm°1. Each scan included not only the v,
mode,'but also a Xenon calibration line 1ocated‘at‘4697.0X.' Using
this caiibration line we cqpld determine the absolﬁte location of

the v mode to-abOut‘i_;Scm_l, Some examples -of these high resolu-

2

tion spectra are shown in Fig. 4. We have made use of the observed

splittings-pf the v, mode to identify the initial, intermediate énd
final rofatiohal,étates for the_ffansitions shown. |
DISCUSSION |

FTHe visible absorption spectrum of NOz'extends frqm about

o} .
4000X to 7000A16 and has a complex structure which has been analyzed



only tova limited extent. We have studied the in;énsity of the v,
fluorescence mode throughout most of the visible ébsorption spectrﬁm
and have observed the six intense and sharp strﬁcturés shown

in Fig.vl,A'The positions of five of these Strucﬁureé located at
18215, 19523, 21099, 21996 and 22990cm™) are given to within 10cm™>
by the follbWing-formula v = 18215 + 576.22N + 36.38N2 with N
respectively équél to 0, 2, 4, 5, 6. The frequencies corresponding
toN=1 énd:N = 3 occur at gaps between wavelength regions covéred
by the dyes.; We speculate that there may be'similar étructures'
correspondingtto N=1andN =3, with all seven stfﬁcutres formingi
‘a smooth'pfqgression.. We are uncertain of the'explanatién for this
progression; however, if it is due to vibrational spacing in the
upper staté, then it hasba peculiar‘énharmonicity;.sinée the spaciﬁg
betWeen‘members'of the progression increases with frequency . It
should be nOfed'that,'of the six'observéd structures, only the one
'.near'4S4SXVCOrresponds to any of thevbands reported.By‘Dougiasﬂéha
Hubérl. With the laser tuned to the peaks of tyé most'inténse iines
within thésévstructures, we observe fluorescence crass-sections into

the v mode which are about 2 orders of magnitude Larger thaﬁthose

2
t&piéally'obéefved uéing fixed fréquency 1asersl7;_ Férfexample,
at the'peak:ofiline B.in Fig. 2 we have measured a‘cross—section
.Of 1.4 x 10-24cm2/sr at'lmm‘of NO2 pressure. The 1afge scattering
'cross sections are particularly‘surprising given the fact that tﬁe

absorption cross-sections we have measured at lines near 45452 are

comparable to that of the background absorption. 1These sharp and
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intense structures might be due to transitions to intermediate states
which are not perturbed by high lying vibrational levels of the ground

1,18

state Such an explanation is consistent with the large enhancements

we have measureéd.

' 'We héve investigated the band near 45458 in much greater
 detail than the other bands. As shéwn in‘Fig. 2, this band has a
sharp and complex structure. We have attempted to make a partial
rotational énélysis of this region by tuning the laser to several of
the most'inteﬁsé lines, designated by fhelletters A through H in Fig.’é,
and resolving'the v, fluorescence que-ddcatedlgjat ?49.8 cm-l. In
Fig. 4 the resolved fluorescence for the laser tuned to lines A, B, C,
E and G:are;pfesented. Since the narrow band laser selects a single
initial to intérmediate state transition, the observed triplet
structufe$ can be used iﬁ combination with the selection rules for
a slightly ésymmetricvtop (AN = = 1.0; AK = + 1.0) .and the
ground state spectroscopic constants, to assign the'final state
quantum numbérs. This determination then allows one to make assign;
ments for both the initial and intermediate states. | |

The fdtaiional energy levels of a slightly ésymmefric top. can

be written appioximately as:20



E(N,K) = % (BO+CO)N(N+1)+[AO-%(BO+C°)]'(‘1~v3/8b2-...)KZ

(1)
K K 2 2
+ ABeff N(N+1) + ADeff N (N+1) +...

where N and K are the quantum numbers appropriate in the symmetric

top. limit. The quantity b is-dn asymmetry parametér given by:

b = Co = B

2[Ao - %{CO+BO)]

2
Ak 'aﬁdiADK are K dépendent funétions of b which Vani§h>asvb
eff eff

goes to zero. The formulae for ABgff and ADgff érg g%ven in full
detail by‘HérzbergZO.' In equation (1) we have.neglected the vibra-
tionaerotational interaction since this correctioﬁ is sma1121'for
the first:eXCited vibrational statef For NO2 haif of these leveis
are missing due to nuclear statistics. The oxygenvatoms have spin

0 and therefore the total wavefunction (électronic‘— vibrational -

rotational) must be symmetric under interchange of the oxygen

nuclei. -In the ground state of NO,, both the elécfronic and v

2’ 2

' vibratiohai‘wavefunc%ioné are symmétric undér iﬁté;change of the
oxygen a;dms (they both have"A.1 symmetry). vTherefore, for étates
in»which Oply the v, vibrational mode is excited, no aﬁtisymmetri;_ 
fbtational 1évels_will be found. stingvequatioﬁ'(l) and the appro-
priate spectroscopic cpnstantslg(A0 =.8.0012cm'-1,-Bo = 0.43364cm—1,
Co = O.41040¢m_1) along witﬁ Denniéon's rules22 for determining the

symmetry of a rotational level, one can construct the energy level -

diagram of the ground state. By comparing the spacing of adjacent



levels with the observed splittings in the tripiet structures showh_
in Fig. 4,one can identify'the final staté of the transitions. . These
identifiéatioﬁs are shown in Fig. 4 and a comPariSon of calculated
“and observedlspiittingsvis méde in Table II. We'cén now identify
the initial state quantum numbers by noting that the displacement

' oflthe emission lines from the laser frequency corresponds to the
difference in energy between the initial and final vibrational;
fotational states. Since the vibrafional frequency of the vz mode
is 749.8cm°1'it is easy to see from Fig. 4 that the initial states

. L ! . 1 "
" for the transitions A, B, C, E and G are, respectively,K =1 N =15,

K'=1 N'=13, K'=1 N =11, K =1 N =16 and K =1 N =14. From the initial
and final state N values and the selection rule AN = + 1, 0 the
corresponding inﬁermediaté stafe N va}ueSfmust‘be N'=15, N'=13,

N =11, Nf#17 and N =15. The observaiion of only odd N values

. suggests that’K' = 0 and the the intermediate stéte»vibronic

wave functibn is antisymmetric‘under interchange of the oxygenv v

' ﬁuclei.» For ail other K' valués; one would expecﬁvto obserQe

122 . ' v .
These assignments are consistent

both evgh_énd odd values of N
with those maae by Douglas and Huber1 from their high‘resolufion
vabsorption‘measurements. We have also tried fo-méke further
assignments by tuniﬁg fhé'laser té”lines D, F aﬁd H.' Howe&er,
the fluofescénce did not'show.a_triplet‘structuré and could not
-Ee used foraidentificatioﬁ.’ | | |

. In éonclusion, wé would'liké to stfess that the use

of tunablé.lasers.to excite molecules with complicated
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spectra seéms to allow one to find regions in theispectrum which
hold some promise of yielding to detailed analysis. Perhaps such
analysis will help to clarify the present confusion concerning

the complex spectra of simple polyatomic molecules such as NOZ'
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TABLE I:

0 420 25 36

TABLE CAPTIONS

_Laser dyes used in scans of NO2 spectrum. Nitrogen

~ laser powers were 20-25mW during these runs.

TABLE II:

Comparison of calculated and measured splittings between

members of triplet structures shown in Fig. 4.
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TABLE I
o . | MAXIMUM POWER
DYE TUNING RANGE (A) DURING SCAN (mW)
Coumarin 120 4235 - 4454 o 0.5
7 Diethylamino-4 Methyl- i L _
~ Coumarin - (7D4MC) 4413 - 4714 B 1.5
Coumarin 102 4651 - 4935 1.8
9 . o ‘ o
- 50% (7DAMC) -+ 50% 5014 - 5307 | 0.4
Coumarin 6 - _ :
Fluorescein Disodium Salt 5357 - 5580 ‘ 0.4 -

Rhodamine 6G 5712 - 6025 0.7
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TABLE 11
- FINAL STATE FREQUENCY SHIFT FROM
TRANSITION N_VALUE . CENTRALN VALUE (cm~1)
CALCULATED MEASURED
16 - 16.5 | 17.5
A 15 - | -
14 -10.0 - - 9.3
| 14 14.1 13.8
B 13 - -
| 12 -9.0 - 8.8
- 12 11.8 11.7
C 11 - -
10 -7.9 - 7.2
- 18 20.2 19.0
E 17 - -
16 -11.3 -11.0
16 7 16.5 16.7
.G . 15 o - , .
14 -10.0 -10.1
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FIGURE CAPTIONS

Intensity in the vy mode as a function of laser wavelength over
wavelength regions where sharp and intense structures were

observed. The bandwidth of the laser was = .IR and the spectro-

o o )
.meter bandwidth was set to 25A. The intensities in different

scans can not be compared directly due to variations in laser

power and detector sensitivity.

Infensity in the v, mode as é function of laser frequency, near
22,000(:.m—1 (45453),with narrow band laser excitation. The

linewidth of the laser waSﬂaO4cm-1 and the bandwidth of the'spéctro—
meter 120cm™*. The relative positions of the lines.could be
detefﬁiﬁéd to + 3% and the absoiutevposifidhs'were set using
thé‘wayélength'detérmiﬂation of Douglas andiHubérl for the

Q(lS) line which corresponds to line B in_bur scan.

Lowzresolution scans of the fluorescence taken with laser
1 from line B of

Fig. 2. The bandwidth of the spectrometer was 120cm-1 and the

. . . _ .

High resolution spectrometer scans of the v, mode located

~ 750cm--1 lower in frequency than the laser. The laser was

\

tuned to the peaks of lines A, B, C, E and G of Fig. 2. The

ey



K and N values refer to the final state of the various transi-

tions. The spectrometer bandwidth Was 4cm-1 and the laser band-

width 0.04cm L.
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any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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