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- We present calculations of the resonance Raman cross-

section for several diatomic molecules. We use these results

-

R . ' .
along with recent measurements of large resonance enhancements

*

in NO2 and SO2 to estimate the.sensitivity.of_a Lidar system

based on the resonance Raman effect.
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In this paper, we wish to assess the implications of
‘recent measurements of large resonance Raman cross-sections in

Nozcll and-SOZ(z) for remote detection”éf.these pqllutants‘in
the atmosphere.by means of a Lidar system. We"Shall also present
calculations for the reéonance Ramaﬁ’crbss—sectibns of various-
&iatbmic molecules and use these calculations to expand our
estimates 6f thé-sensitivity of a resonance Raman Lidar system.:
Raman Lidar systéms have been used fof some time tov;
‘study major atmospheric cOnstituents(S);= However, the fact that

30 cmz/sr)-has made

Raman cross-sections are Quite small (V10
this technique difficult to use to detect minor atmospherié
constituéntS’Sugh as pollutants. In spite of this difficulty,

S. Nakahara et-ala(4) and Melfi et al.(s) have reported detection

of SO2

in powér plant stack plumes at a range of.200 m at night,
and Hirschfeld et él.(6) using a powerful doﬁbledAruby laser have
been able to measure 802 concentfations of 30 ppm at 200 m in fgll
.daylight with a good signal to noise ratio. |

| ﬂ'it is well known that Raman cross-sections are enhanced
if the laser source is tuned cloée to an absorption 1ine in .a gas.
~ Such enhanceménts could dramatically increase the,sénsitivity of
a Raman Liﬁar system. Most measurements of the resonance Raman -
effect(7) have been made in 12 vapor, where iafge‘enhancéments |

10 :
x Recently, we have measured a resonance -

24

have been observed(g’

Raman cross-section of 1.7 X 10~ cmz/ster for I2 in one atmospheie
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of Nzgg)This enhaﬁ;ed'cross-Section was obtaiﬁéd'ﬁifh the laser

tuned to 5466.36A which is at the peak of the 0;25, P(47) rotational

line of thévB—X electronic transition. Penny et al.(z) have alsb.

obseryed é_iarge enﬁéncemeht of thé vi Raman mode of'80 at'an

excitation wavelength of 2999,62. They obtain a cross-section of

lO'ZSCmQ/gfer for'SOé in 700 mm of air. These cross-sections are,

fespectivéiy,:4 x 106 and 2.6 x 104 times the”Réman crdss-section

for N2 at equlvalent exc1taflon wavelengths Resonant-ineiaétié _

scatterlng Cross- sectlons(1 ) of the order of- 10 20 10_2;.cm2/$f

have also been oberved for OH(12 13), and Wang and Dav1s(13)bwere

ablé to measure atmospheric concentratlons of OH at a level of 2 - %

parts in 10 3. | |
: We have just completed an extensive seéréh for lérge' ;

enhancements of scattering into the vé Raman mode 6f NOz'psing a

nitrogen-léSerQPQmped dyé‘laserh -The investigationiwas carried

out by tUning fhe laser thrdugh most‘of thevvisibie ébsorption

spectrum of NO ‘between 4200A and 6100A with a 1aser bandw1dth

_ of ;1A We will present the details of these experlments else-

wheré,( )‘but wish to report that-wevhave seen large resonance

enhancements, and héﬁe measured a crOSS-seéfiéﬁ of 5.6 x 1077 _ | .

. . - ° .
cmz/sr for narrow band (v1A) re-emission into the'vz,Raman mode



-at the peak of one of the resonances for lmm of NO2 plus 1 atm of

N, buffer gas. All of these measureﬁents,'along with the results

2 .
of the following calculation, allow one to make reasonable esti-
‘mates of the génsitivity of a resoﬁancé Raman Lidar-system operating
uhder'vafious.conditions.v |

One can easily estiﬁate the resonance Raman cross-section
fbr‘diatomic molecules which have known oscillator strehgthé and
Franck-Condoﬁ factors. For an infinitely_narrbw exciting laser néar

an isolated absorption line, the cross-section can be written,

~ approximately, as:(l4)
4 3 2 2
@-_ . Yr € w, 0, I<I|rlM>| |<M|r‘|F>| P Wy
W Ye ot e [we)? v vl

“where <I|r|M> is thé métrix'elemeht'from the initial to intefmediate
vibrafionalérotational state,.while <M|r|F> is the matrix element
between the intermediate aﬁd final state. :wz isvthe laser frequency,
wg the_scattered frequency, &o the central freqUeﬂcy ofAthevréSOnance
and.pI is'the relative thermal population of the initiallvibrational-'
‘rotational state. Yo is the pressure broadehed linéwidth while yé
“is the partial width due to elastic collisions. .This expression }3 
valid if Yo isvlarggr than.the linewidth due to‘fhe combination of
natural, d0pp1ef and hyperfine broadening. For most molecules at
-atmospheric pressure, the linewidth ié, in fact, primarily due to

pressure broadening.
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We can rewrite Eq. 1 in terms of the oscillator strength,

f, and the Fianck—Condon factprs Sij by making the substitution:

| - £5
2 & M
- lerfxfe]® - 2mo_ 3
o 2 _ &
[Mz[F]° = o £ Syp

The factor of 3 in the first matrix element occurs because we assume

that thé_qscillator'strength is equaliy'dividéd between the P, Q,

and R branches of the absorption line. For wi =>mo ~ ms(IS) we get:
2 2 2
do _ fo Y S Swe £ L . @
@ s 7 - .

12YT

where r, is the classical radius of the electron and we have assumed

Yr is dominated by inelastic collisions. While this -last assumption

may not be valid, it leads to an expression which yields a lower

limit for the cross-section. For molecules where the oscillator

strengths and Franck-Condon factors'érétknOWn;(l6f26) we can use

Eq. 2 to make an estimate of the resonance Raman cross-sections.
We assume that the molecules are initially in their ground vibrational

state ahd choose the intermediate and final vibrational states to

maximize SfMSMF; -We also choose the initial rqtatidnal state with

the maximal thermal population and use standard'methods to‘éalculate
., @7
OI .

We'choose Yo on the basis of our previous'Work(g) with I,
where we found Yp. = 2 x 1010 radians/sec'for 1 mm of Iz.in one atm
of N2. The results of these calculations as weil as experimentélly

determined cross-sections are presented in Table 1. It should be

N
T
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noted tﬁéf our calculation of the resonance Raman cross—seétion.for
Ié is in vefy gdbd agreement_with'the eXperimeptally determined
value. This gives us some cqnfidence in our Calpulation of the
cross-sections for the bther diatomic molecules shown in the table.
vWevwould now like. to consider the practical implications
ofvresonaﬁtly enhanced Raman cross-sections for pollutant detection

by means of a Lidar‘systemﬁ» For such a system, the number of signai

.photons detected is:
S = 2.69 x 10° nN,hi “2‘ T e -lagra IR | ® -
wifh
n ;fotal detection efficiency (op;ical.ahdvquantum efficieﬁcy)'
N Anumber of laser pulses
VE -iaser ﬁulse ehergy (joules)
w; —iaser frequency (radiaﬂS/#ec)
A -collector afea (cm2)
L —rahge incrément (m)’
R -range (km)
p -concentratiqn of ﬁdllﬁtant1(ppm)

'do

dQ Raman scatterlng Cross- section (cm /sr)

ao--atmospheric'absorption coefficient at laser frequency

'as'-atmospheric absorption coefficient at scattered frequency

The number of counts collected during the same number of pulses

" from skylight is:.
' W(w )AX

B =n Nz — ‘ﬁw

A¢2—L - - @



with“.
| ‘_W(ws)'Q background irradiance at the scettered wavelengtn
(watts/cmzsr R) |
AX - detector bandwidth (A)
¢ - detector field of view (sr)
9§ - Raman shifted trequency
%L- ngate time for range increment-(sec)

A useful measure of the sensitivity.of a Lidar system can be obtained
by considering the signal to noise ratio (SNR). When detecting

scattered light with wavelength >3000 A, we will assume that the

noise is dominated by the fluctuations in the background irradiance,

SO tnat SNR'= S//_ For detection at wavelengths <3000 R where the
'stratospherlc ozone layer effectively absorbs sunllght .and for'
night-time detectlon, we will assume that the noise is caused by
fluctuationsvln_the 51gna1,_so that SNR =v/S. We will 1gnore,'1n :

: this'paper ‘the possible'problems.associated with additionalbback-
ground due to the fluorescence of aerosols(28)., ThlS background

. may cause trouble for a Lidar system wh1ch depends on ordinary

-Raman scattering. However, since the useful resonance_crossfsections
are at least 3 orders of magnitude larger than ordinary Raman cross=
sectiOns, we‘feel justified in ignoring tnis problem for the purposes
of our illustrativé calculations. | |

Our point of view in this calculation will be to make technolo-

gical assumptions which are at the limits of present capability and

N



laser safety standard for direct viewing(zg)

0004202198
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to balaﬁcé these assumptions by requiring the system to meet strict
eye safetf sfandafds and to giveia measurement §f pollutan#-concen;'
tration accurate tb'lo% with a range resolution of iO m. Our model
‘Lidar system is, thérefore,'fechnically feasiﬁle;'though perhéps o
' not‘ecdnomiéally feéSible at.present. Thé most teéhnologically
sophisticatédvresults fhat we have seen in the literature afe those
ofIHirschfeld etial.(6) who built a detector with A = 6.6 X 103 cm2
and‘Ax‘é:SR. :From their results oﬁ Raman séattgring from N2,'one
can estimate an overall detection efficiencyhof &3%. - We willvaésume
A =10 cm2, n = .1 A\ = IX and ¢ = lo-ssf for our calculétion. The
choice of a 1A bandwidfh is based on the fact that narrow—baﬂd filters
wifﬁ godd transmission are now available throughout most 6f the
visible region and that for a Lidar syﬁtem detecting radiation.in the
sblar_blind region below 3000A a narrow band interference filter is

not necésSary. The large value of n may be optimistic for a field

instrument, however,; a glance at equations (3) and (4) will show that

SNR only depends on n%. 'We assume a laser transmitter which emits a beam

of 103 cm2 cross-sectional area and limit the laser energy to .05 mJ/

'puise for'é‘repetition rate of 100 Hz in order‘to_cbmply with the

.. This limitation applies
° ‘ ' . ‘

for lasers with wavelengths >4000A. For shorter wavelengths, the

limits appear to be less stringent, but since there are no standards

for very short pulses, we will assume the same standard as for



wayelengths'>40003. We use the data of Baum anerunkelman[30) toh
evaluate'ao, a and that oernestrick and Cutcie(SI) for W(m;j.
We further assume a.range reselution of 10 m ahd ealculate the con;
.centratlon of pollutant wh1ch ylelds SNR = 10‘with‘an integratioﬁb_
time of_100 sec. In F1gure 1, we present the ‘Tesults of that cal—
culationtfor NOZ; SOZ, and NO using the cross-sections in Tahle 1',
Figurebl ehows that, with the margiQalAexceptionvof day-
'light detection of'NOz, a Lidar system making usefof'resonance
Raman scattefihg can'easily detect the ﬁolldtant eoncehtrations '
typical‘qf smoke pldmes (>10 ppm) at a range~of a few hundred ﬁeters
ueing lasers With only Vefy modeSt.energies{ A usefullcomparison‘ |
can be made w1th the recent report( ) of detectionvof SO2 usihg
ordinary Raman scattering. In'that case, the laser used had an
Vaverage powef of .4 watts and an ehergy/pulse of .2'jeﬁles, and.wae
- able to detect 30 ppm at 200 m with SNR ~10. . Our ealcalation'showe
that using a laser of 5 mW average power and .05 mJ/pulse, one could‘
achieve a sensitivity of a factor of.IQ better by making use of the
resonance Raman effect.' In additibn, if thefe is'ah enhaneed croes-
sectionfin S0, fef A6<2800;,‘compatab1e to that fot-xo = 2999;6&,
then the resonance Raman LidartsensitiVity for daylight detection
o_f_SO2 will be the same as for night-time detectieh, since sky
bachgrouhd’interferenee with'the'deteeted radiationbwill no longef
‘be a problem. The fact that the SO absorptloﬁ spectrum shows fea-

tures at A <2800A similar to that at A NSOOOA leads one to expect

that comparable enhancements w111 be found for such wavelengths.

.
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‘Ueing presently aﬁailablevteehnoiogy,‘one ceuld construct
a nitrogen 1a$ef—pumped dye laéer which has the required pulse
energy and repetltlon rate( 2) and by using non-linear doubllng
crystals_could'extendr;ts tuning capability to NZSOOAQSS). In
dider to detect NO, hoWever, one needs a léservaf 2260R. At present,
'-:the non-linear crYstals available for frequency doubling to this
weVelengthfhave-converéion efficiencee of <1%(34). .HoweVer at least
,oneeff1c1enttechn1que for up- conver51on of 11ght with A >2500A to
span the wavelength reglon 2000- 2350A ‘has been reported( ) It
eshould be noted that even if the efficiency of conversion of visible'
light to>ligﬁt at 2260A were only ~.01%, there weuld still be
enough senéitivity to mqnitorJNO in smokestacks et 200m. -

| FigUre 1 also shows that monitoring of:ambieﬁf concenfraf
tiOns (v.1 ppm) atvdistances of order 1 km_is cerfeinly out of the
QueStion, given the safety‘Conétraint we have impoeed on the‘celcu-f
elation. If one could be sure that there would be no eye exposure to
the light froﬁ the Lidar transmitter, then one might be eble tol
use high-ehergy tunable lasers‘to gain the required sensitiVity."

in conclusion, .it seems to ds that the advantages in

eensitivityjand‘sefety associated with the use of resonance enhences
ments iﬁ a RamanvLidar system odtweigh the adaitional'problems
' aseeciated withvthe use of e tunable laeef as a Lidar transmitter.
The fact that an instrument‘for use in populated efeas will probably
have to comply with stringent eye safety standards 1mp11es that the
use of resonance enhancements may be the only avenue to a workable

Raman Lidar system for remote smokestackvmonitoring;
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FIGURE AND TABLE CAPRTIONS

FIG. 1 Lidar sensitivity vs. range for E = .05 mJ and N = 104
pulses aséuming a signal to noise ratio of-iO and a visibility

. of 10 km..

- TABLE I -Resonance Raman cross~sections for various.Small molecules
in one atmosphere of nitrogen determined either experimentally

< or from Eq. (2).
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. TABLE 1

Vibrational

{ Molecule Electronic'Transistion Tr'gnsitioh B )‘L(R) j g%(cmz/Ster)CALC : %(CmZ/Ster)EXP." | 'REFERENCES ‘

| co* A2m, - x 2zt | O-1, 1-1  » 4513 é;s'x-id'?Ogl 16 ,ﬂﬁ

[ * - - : ' o (i
SO A Smy - x 3T 0-2, 2-0 .2579' 1.3 x 10720 | | 17 &

{ on A 0-0, 0-1 - 3064 2.4 x 10722 10720 . 10422(11) 18,19 4
NO A2zt - X 2n.' 0-0, 0-3 12262 1.3 x 1¢‘23‘ 20;21 ;é
12 B ?n* - X 1z§ 0-25, 25-1 ‘5466.36_“ 1.2 x 1072 1.7 x 1072 5,22,23 O
0, ACB) - XA | 2099.6 | ;'x 1072% 2 ZE
795,815 B.3ﬁ;u - X {z; 0-28, 28-1 5264.0 | 7.8 x 10747 24,25 o
NO, A (281) - X 2A1(?j 4547.4 5.6 x 1077 1 "

{co a 3~ x 1t 0-0, 0-1 2063 4.5 x 1073 16

"Cizu ATy - xfli; 50-15:'1543. 4933 7 % 10°31 24;26

~G1-
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Energy Research and Development Administration, nor any of
their employees, nor 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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