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,Wé preSent calculafioﬁs of the Resonance Raman cross-section
for sevéral'diétomic molecules. We use these results along with
recent meégurementsrof’large resonancg enhancements in NO2 and SO2
to éstimate the senéitivity of a Lidar system bésed on the Resonance

Raman effect.



Raman cross-sections are quite small ('\:10_-3

In this paper, we wish to assess the implications of
recent measurements of large resonance Raman crgss-sections in
NOZ(I) éﬁd SOZFZ) for remote detection of these_pollptantﬁ in
the atmosphere by means of a Lidar systém. We‘shéll also present
calculéfions for the resonance Raman cross-sections of various
diatomiﬁ‘molecules and use these calculations to expand our
estimétes.of the sensifivity of a resonance Ramén Lidar'syétem.

Raman Lidér systéms have been used forisdme time to
study major.atﬁdSpheric'constituent§.(3) Howevér;7#he fact:that 
0

cmz/sr)‘has made

this technique difficult to use to detect minor atmospheric

"constituents such as pollutants. In spite of this difficulty,;
;S.‘N?kahara et al.(4) and Melfi et al.(s) have reported detection

.ofvSOZ.in power plant stack'plumes'at a range of 200 m at night,

and Hirschfeld et al.(6)_using a powerful doubled ruby laser have

been able to measure 802 concentrations of 30 ppmvat 200 m in full

: daylight-with a good signal to noise ratio.

If is well known that Raman cross-sections are enhanced
if thé laser source is tﬁned close to an'absorption line in a gas.
Such_enhancements»cduld dramaticaily increase tﬁe sénsitivity of
a Raman Lidar.systém. Most measurements of the resonance Raman

effect 7 have been made in I_ vapor, where large enhancements

. . . 2
have been obserVed.’(Io) Recently, we have measured a resonance
Raman cross-section of 1.7 x 10_24’cm2/sr(9) in Iz'with an excita-

o
tion wavelength of 5466.36 A and Penney et al.(z) have reported a

cross-section of 10'25 cmz/sr for 802 with a laser excitation near



. .
3002 A. These cross-sections are, respectively, 4 x 106 and 2.6 x 104

times the Raman cross-section for N2 at equivalent excitation wave-
" lengths. Resonant inelastic scattering cross-sections (11) of the
-21 (12,13),

cmz/sr have also been observed for OH

- order of 1072% - 10
" and Wéng and Davis (13) were able to measure atmbspheric,concentra-
tions of-Oﬁ at a level of 2 parts in 1003,

| We have just completed an exténsive.search for large
enhancéments of scattering into the v, Raman mode of NO, using a
nitrogen-laser-pumped dye laser; The investigation was carried out
by tuning thé'laser through most of the'visible_aBQOrption spectrum
of NO, between 4200 A and 6100 A with a laser bé@dwidth of .1 A.
We will preséht the details of these éxperiments elsewhefe,(l) but
wish to.report_that we have seen large resonance enhahcements,'and
27

. . - 2 . . N
have measured a cross-section of 5.6 x 10 cm“/sr for narrow band

(mlR)Ire;emission into the'v2 Ramén mode at the péak:of one of the '
resonancés fqr 1lmm of No2 pius 1 atm of N2 buffer‘géé. 'All-df these
‘measurementé, albng with the resu1ts of the following caléulation,
allow one to make réasonable estimates of the senSifivity of a |
;resonanée Raman Lidar system opefating under varioﬁérconditions.

One can eaéily estimate the resonance‘Réman cross-section
for diatomic.molecules which have kﬁown'oscillatof-strengths and
Franck-Cohdoﬁ factors; For an'infinitely narrow éXCiting laser near:
an isolated absorpinn line, the cross-séction can'bé written,

approximately, as:(14)

go € oy ut <Tlrle 2 [ x|E|2 o

= = _ : (1)
dQ ﬁz cllr [(mz-wo)z + YTZ] ‘

4



where <1|r|M> is the matrix element from the initiai to intermediate
vibrational-rotational state, while <M|r|F> is the?nattix element
between the:intermediate and final state. ml'iS'the laser frequency,
wg the scattered frequency, w the central frequency of the resonance
and Py is the relative thermal populatlon of the initial v1brat10nal-
rotational state. Y is the pressure broadened 11new1dth This
expreseien.is valid if YT is dominated by inelasticvcolliSions,and

is larger then the‘linewidth'due to the combination of natural,
doppler, and_hyperfine broadening. For most moiecules at atmosphefie
pressure,_the 11new1dth is, in fact, pr1mar11y due to pressure
broadenlng.' Even though the assumpt1on that YT is domlnated by the
contrlbutlon of inelastic collisions may be 1nvalld a calculatlon -
based on that assumptlon will prov1de a lower 11m1t for the CToss-
section. 1 |

| | We can rewrite Eq. 1 in terms of the osc1llator strength,

f, and thevFranck—Condon factors Sij by maklng the substitution:

£S5
gl IM
l<xlzlw|® = 20~
(¢]
2 &
l'<M|r|F>|- . " zmwo f SMF

The factor of 3 in the first matrix element occurs because we assume
that the oscillator strength is equally divided between the.P, Q;
and R branches of the absorption line. For wy = woE W we get:

2 2 a . 2
do _ To 9s Siv Swp £7 eg

Sae - - 2
: _ 12y

2

where ro is the classical radius of the electron. For molecules



where the oscillator strengths and Franck-Condon factors are

known,(ls—zs) we can use Eq. 2 to make an estimate of the resonance

Raman cross-sections. We assume that the molecules:are initially

in their grbund vibrational state and choose the intermediate and
final vibrétional states to méximize SIMSMF' We also choose‘the
initial rotational stéte with the maximal thermal population and use

(26)

standard methods to‘calculate Py We choose'yT on the basis of

our previous'wofk(g) with I, where we found Yy = 2 x 1010 radians/sec

2

for 1 mm-of I_'in one atm 6f N2. The results of these célculatipns
as well as ekperimentally determined cross—sectiohs‘are’presented_
in Table 1. |

| We would.now like to congider the practical implications
of resonantly enhanced Rémah'cfoss-sectioné for pol;utaﬁt detection

" by means of a'Lidaf system. For such a system, the number of sign31 

photons detécted is:

S = 2.69 x 105 g £ AL jdo o -[ata IR

Ry g2 *8
with
n - ;Qtal detection efficigncy (optical aﬁd.éﬁantum_efficiency)
N - number ofwlaser'pulses
E - IASer pulse energy (jbuleé)
W - 1a$ef frequency (radians/sec)

A - éollector area (cmz)
L - range increment (mj
R~ - range (km)

p - concentration of pollutant (ppm)

W
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do

i Raman scattering cross-section (cmz/sr)

a, - atmospheric- absorption coefficient at laser frequency

a, - atmospheric absorption coefficeint at scattered frequency

The number of counts collected during the same number of pulses

'frdm:skyiight is:

. W(w )AX ' .2L
B=nN—— A¢
_ Hw . T ¢
.8
with -
. w(ws);-‘b;ékgroupd_irradiance at the scaftered wavelength
 ,(watts/cm2srAK) ,
_ S . , .
. AX - detector bandwidth (A)
6 - detegtof field of View‘(Sr)
wg ;'Ramanwshifted.frequency:__'
z%f—-'_—‘gate,.time for rangeiincrement (sec)

A usqfui méésﬁre.of the senéitivity of a'Lidér»syéyeﬁ can be obtained;
by'coﬁgidering tﬁe signa1 to noise ratio tSNR); 'Whén-détecting
'écétfefed'iight witﬁ‘aneiength >3000 R, we Will'assﬁme'thét the
noisé_is déﬁinated by the fluctuations in'the batkgrouhd irradiance,
'so.that SNR = S//E.: For;détegtion at‘Qaveléngtﬁs:<3000 ;, wheré the
stratospheric onné layer effeéti&elyJabsorbs sunlight, and for.
,night-timefdetecfiqn; we will assume that the noise;is caused by
| flﬁctuatipﬁs‘in thé sighai, so that SNR = V§. Wé_ﬁili‘ignqre; in
this papéf, tHeApossible—préblems associated Withiadditidnal baﬁk;

(27)

~ ground due to the fluorescence of aerosols. THiS background .

may cause‘ffouble for a Lidar system which depends on ordinary



Raman scattering. However, since the useful resonance cross-sections

are at least 3 orders of magnitude larger than ordinary Raman cross-

sections; we feel justified in ignoring this probiem for the purposes
of.dur'illuStrétiQelcéicuiétions. | . | | |
 'Sﬁpp6se we now choose reasonable reéeifer'parameiers
(i.e; n ;'}1,'Afe'1o“cm2;'¢’= 1075 sr, Ai =1 R) aﬁd a laser tfans-:
mitter which emitswa beam of 103cm? cross-séctional areé.‘ In order
to comp;yIWith'iﬁe laser safety standard for direct Viewing,ﬁzs)
we will'limit the 1éser enefgy to..OS‘mJ/pulse'fbrfa”repetition rate
of 100 Hzf_ This limitation applies for‘iasers.wifh’wave}engths |
’v>4000 X; For shortef wéﬁeléngths, the limité appear to be less
étringent, bﬁt since there are no standards”for very Shortlpulses,
we willvassume the Same standard as for waveléngths >4000 ;. We
use the daté:of Baum and Dunkélman(zg) to evaluate ao,'aé and fhaf
of Knestrick ahd Curcio(SO) for W(ws).' We furthér assume a rangé
resolufionbpf 10 m and édlculate the concentratibh'pf pollutant
which yieidé SNR = IGZWith an integration time ofIIOQ sec;1 In‘
Figure'l; we'présent th¢ fesulfs of thatléalculation for NOZ’ 502,
aﬁd.NO using tﬁe cross-sections in Table 1.
'Figuré 1 shows that,-with'the margihalveﬁcéption of.déy_
light detéctidn of NOZ’ a Lidér system making usé”df resonahéé '

Raman scattering can easily detect the pollutant concentrations

tYpical of smoke plumes (>10 ppm) at a range of a few hundred meters

using lasers with only very modest energies. Avuseful comparison

can only be made with the recent report (6) of detection of SOé




using ordinary Raman scattering. In that case, the laser used had
an average power of .4 watts and an energy/pulse of .2 joules, and
was able to detect 30 ppm at 200 m with SNR ~ 10. Our calculation
shows that using a laser of 5 mW average power and .05 mJ/pulse,
onelcould:achleve a sensitivity of a factor of 10-better by making
use of the resonance Raman effect. In addition, ‘if there islan
enhanced cross-section in S0, for X, <2800 Rfcomparable to that'for
AO = 3002 R? then the resonance Raman Lidar sensitivity for daylight
,detection‘of.SOZ will be the same as for night{tiné_detection,
since sky‘background interference with the detected.radiation wlll
. no longervbé_a problem. The‘fact‘that the SO2 absorption spectrum
. shows features at X <2800hz similar to that at A ~3000 ; leads one

to expect that comparable enhancements will be found for such

_,wavelengths

-Using presently available technology, one could construct
a nitrogen laser-pumped dye laser which has the-requlred pulse
energy and repet1t1on rate (31 and by using non—linear doubling

crystals could extend 1ts tuning capablllty to m2300 A(32) In order
o
to detect NO' however, one needs a laser at 2260 A.. vAt present,

the non- 11near crystals available for frequency doubllng to this

( 3)

However,_at least one

o

wavelength are not very eff1c1ent
efficient technlque for up conversion of llght w1th k > 2500 A to
span the wavelength reglon 2000- 2350 A has been reported (34) It
should be noted that even if the efficiency of conver31on'of visible

s . o . .
light to light at 2260 A were only ~.01%, there would still be



enough sensitivity;to.monitor smokeétacks at WZOO,m,

: Figure 1 also shows that mpnitoringlof‘amﬁient concentra-
tions (®§1vppm) at distances of order 1 Km is ceftéinly out of the
queStibn? giVén fhé_sgfetyﬂcons;raint Wé have imbo$§d'on’the calcu-
lation. If one could be sure that phere‘wil}_bé no eye exposure to
the ligh; erm the Lidar transmittef;';hengone migﬁt be able to
use high;eﬁergy tunéble‘léseré to gain fﬁe‘requiré&ksgnsitivity.

In'congluéion, it seems to us that theiad?éntages in
sensitivityvand séfety associated with the use of'résonahce enhance-
ments in: a Raman'Liddr syStem‘outweigh3fhé'addifionai problems -
associated with the use'of_a tunable laser as a-Lidar transmitter.
~ The fact that an instrument for uée‘in populated areas will probably'
“have to comply With‘stringent eye safety“standards implies that the
buse of resonance enhaﬁcémenfs will be the only ayénue to a workable

Raman Lidar system for remote smokestack monitoring.
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FIG. 1

TABLE 1

-11-

FIGURE AND TABLE CAPTIONS
Lidar,sensitivity:vs. range for E = .05 mJ and N = 104
pulses assuming a'signél to noise ratio of 10 and a visibility

of 10 km.

Resonance Raman cross-sections for various small molecules

determined either experimeéntally or from Eq. (2).
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_ _ Vibrational A (K) —(cm*/ster) — (cm“/ster)
Molecule | Electronic Transition Transition L dQ, : ‘ CALC. | da EXP. | REFERENCES
2 27+ 10720
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i ' o = o | ST R B R 1 €20 I
A 2) Xj3nij 0-0, 0-1 = | 3064 2.4 x 10 10 - 10° 17,18
NO A ZPY X ?p 0-0, 0-3 - 2262 1.3 x 1072 19,20
' 3+ 1T+ . - -24 : -24
I - B3, - x1J 0-25, 25-1 | 5466.36 1.2 x 10 1.7 x 10 21,22
2. Ou g _ .
N . -25
S0 A By - X 1A 3002 1 x 10
2 1 1 - . :
17838 | B 3n5u - X 12; 0-28, 28-1 |5264.0 . 7.8 x 1027 . 23,24
| - . | -27
NO, A (251) - X ZAI(?) 4547.4 . | 5.6 x 10
co a3m - x 1yt 0-0, 0-1 2063 4.5 x 1070 15
t12 Admg - X y* 0-15,15-3 | 4933 7 x_10'31 23,25

—gl_

0z

0ooon

b

L)
¢

!



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 Atomic Energy Commission, 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.




-,
-

TECHNICAL INFORMATION DIVISION

- LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA

BERKELEY, CALIFORNIA 94720

I

R





