
Lawrence Berkeley National Laboratory
Lawrence Berkeley National Laboratory

Title
Investigation of the use of the resonance raman effect as an environmental monitor

Permalink
https://escholarship.org/uc/item/9m23c35s

Authors
Chamberlain, Owen
Robrish, Peter
Rosen, Hal

Publication Date
1976-10-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/9m23c35s
https://escholarship.org
http://www.cdlib.org/


TWO-WEEK LOAN COPY 
r _ - L+ .., +: - ; ,/ 3-7 r ,  

: > L . { > ~ . ,  .- L,) tt !,, '4 C:& 
' " iR~1 . ; .  /\ jr 

This is a Library Circulating Copy 
"" dyEy 

dl:" h '.977 

which may be borrowed for two weeks. 
* F i l - ,  p, 

For a personal retention copy, call 
- J P . >  

-64'1j$ c? fikll_' 
- f "TS S ~ C T , ~ ~ >  

Tech. Info. Dioision, Ext. 5716 

all d Environment Division 

INVESTIGATION OF THE USE OF THE 

' RESONANCE RAMAN EFFECT AS AN 

ENVIRONMENTAL MONITOR 

Owen Chamberlain, Peter Robrish, and 
Hal Rosen 

October 1976 

ratory University of CaIifornia/Berkeley 
OS. Energy Research and Development Administration under Contract No. W-7405-ENG-48 



F i n a l  Report 
NSFjRANN AG413 
Nat iona l  Sc ience  Foundation 
Washington, D.C.  

INVESTIGATION OF THE USE OF THE RESONANCE RAMAN EFFECT 

AS AN ENVIRONMENTAL MONITOR 

Owen Chamberlain 
P e t e r  Robrish 

H a l  Rosen 

Lawrence Berkeley Laboratory 
Un ive r s i t y  of C a l i f o r n i a  

Berkeley,  C a l i f o r n i a  94720 

October 1976 

This work was done with support from the U.S .  
Energy Research and Development Administration. 



TABLE OF CONTENTS 

In t roduc t ion  

Sec t ion  I: F e a s i b i l i t y  of t h e  Remote De tec t ion  of P o l l u t a n t s  

Using Resonance Raman S c a t t e r i n g  

Sec t ion  11: Molecular Spectroscopy 

Sec t ion  111: Spinoff Research 

Summary 

References 

P u b l i c a t  i ons  



Introduction 

An essential element in any strategy designed to cope effectively with 

atmospheric pollution is the development of more sensitive or more conven- 

ient methods for determining the concentrations of pollutant gases in 

ambient air and in emissions from localized sources. One general class 

of methods for measuring pollutant concentrations makes use of lasers to 

probe the atmosphere remotely and obtain spectroscopic information about 

the molecules present in the segment of atmosphere under consideration. 

In particular, the use of a laser to measure the Raman spectra of molecular 

constituents remotely seems to offer some promise of being an effective 

monitor of gaseous pollutants. This scheme, called Raman Lidar, is imple- 

mented in a manner analogous to the use of a radar system. A laser trans- 

mitter directs a pulsed beam into the atmosphere. By measuring the time 

between the initial laser pulse and the returning signal, one determines 

the range of the atmospheric region being monitored. The light coming 

from this region is spectroscopically analyzed. The Raman spectrum, which 

is due to transitions between vibrational states of a molecule, is a unique 

signature for a particular molecular species. Therefore, a measurement 

of its intensity allows one to determine the concentration of that molecule 

in the region of interest. 

Raman Lidar allows one, in principle, to make a three-dimensional map 

of molecular concentrations in real time with good spatial resolution out 

to a distance of several kilometers from a fixed transmitter. In fact, 

Raman Lidar systems have been used for some time to study major atmospheric 

1 constituents. However, the fact that Raman cross sections are quite small 

2 cm /sr) has made this technique difficult to use to detect minor 



atmospheric c o n s t i t u e n t s  such a s  p o l l u t a n t s .  I n  s p i t e  of t h i s  d i f f i c u l t y ,  

S. Nakahara e t  a1. and Melf i e t  a1. have r epor t ed  d e t e c t i o n  of SO i n  
2 

power p l a n t  s t a c k  plumes a t  a  range of 200 m a t  n i g h t ,  and Hirschfe ld  e t  

a1.4 us ing  a  powerful doubled ruby l a s e r  have been a b l e  t o  measure SO2 

concen t r a t ions  -of 30 ppm a t  200 m i n  f u l l  d a y l i g h t  wi th  a  good s ignal- to-  

n o i s e  r a t i o .  

It is w e l l  known t h a t  Raman c r o s s  s e c t i o n s  a r e  enhanced i f  t h e  l a s e r  

source  is  tuned c l o s e  t o  an  abso rp t ion  l i n e  i n  a  gas.  Since such enhance- 

ments could d rama t i ca l ly  i n c r e a s e  t h e  s e n s i t i v i t y  of a  Raman Lidar  system, 

w e  have been i n v e s t i g a t i n g  t h e  resonance Raman e f  f e c t 5  t o  determine i t s  

use fu lnes s  i n  such a  system. This  f i n a l  r e p o r t  on our  s tudy of t h e  f ea s i -  

b i l i t y  of resonance Raman s c a t t e r i n g  a s  a n  environmental monitor w i l l  c o n s i s t  

of t h r e e  p a r t s .  The f i r s t  s e c t i o n  w i l l  d e t a i l  t h e  major conclusions of 

t h e  s tudy  as they  apply t o  remote d e t e c t i o n  of p o l l u t a n t  gases .  The experi-  

mental work i n  molecular spectroscopy which u n d e r l i e s  t h e  conclusions 

presented  i n  Sec t ion  I w i l l  b e  presented  i n  S e c t i o n  11, and i n  Sec t ion  I11 

we w i l l  d e s c r i b e  va r ious  a c t i v i t i e s  which were e i t h e r  necessary f o r  our  

primary o b j e c t i v e ,  o r  grew ou t  of t h e  development work which we c a r r i e d  

ou t  i n  p u r s u i t  of t h a t  o b j e c t i v e .  



SECTION I 

FEASIBILITY OF THE REMOTE DETECTION OF POLLUTANTS USING RESONANCE RAMAN 

SCATTERING 



A s  a major p a r t  of t h i s  p r o j e c t  we have c a r r i e d  out  an ex tens ive  

sea rch  f o r  l a r g e  enhancements of s c a t t e r i n g  i n t o  the  v Raman mode of 
2 

NO us ing  a nitrogen-laser-pumped dye l a s e r .  The d e t a i l s  of t h i s  inves- 2 

t i g a t i o n  a r e  presented  i n  Sec t ion  11. We have seen l a r g e  resonance 

2 enhancements, and have measured a c r o s s  s e c t i o n  of 5.6 x cm s r  f o r  

narrow band (%I  A) reemission i n t o  t h e  v Raman mode a t  t he  peak of one 2 

of t h e  resonances f o r  1 mm of NO p l u s  1 a t m  of N b u f f e r  gas.  W e  have 
2 2 

2 a l s o  measured a resonance Raman c r o s s  s e c t i o n  of 1 .7  x cm / s t e r  f o r  

I i n  1 atm of N (See Sec t ion  11 . ) .  Penny e t  a l .  have observed a l a r g e  
2 2 

enhancement f o r  t h e  v Raman mode of SO and measured a c ros s  s e c t i o n  of 
1 2 

2 
cm /ster f o r  SO i n  700 mm of  a i r .  These c r o s s  s e c t i o n s  a r e  s e v e r a l  2 

o r d e r s  of magnitude l a r g e r  than  t h e  Raman c r o s s  s e c t i o n  f o r  N a t  equiva- 
2 

l e n t  e x c i t a t i o n  wavelengths.  Resonant i n e l a s t i c  s c a t t e r i n g  c r o s s  s e c t i o n s  
7 

2 
of t h e  o r d e r  of t o  cm /sr have a l s o  been observed f o r  OH, 8 ,9  

and Wang and ~ a v i s '  were a b l e  t o  measure atmospheric concent ra t ions  of 

OH a t  a l e v e l  of 2 p a r t s  i n  1013. A l l  of t h e s e  measurements, a long wi th  

t h e  r e s u l t s  of t h e  fol lowing c a l c u l a t i o n ,  a l low one t o  make reasonable  

estimates of  t h e  s e n s i t i v i t y  of a resonance Raman Lidar  system. 

One can e a s i l y  e s t i m a t e  t h e  resonance Raman c r o s s  s e c t i o n  f o r  diatomic 

molecules which have known o s c i l l a t o r  s t r e n g t h s  and Franck-Condon f a c t o r s .  

For a s i n g l e  frequency e x c i t i n g  l a s e r  opera ted  near  an i s o l a t e d  absorp t ion  

10. l i n e ,  t h e  c r o s s  s e c t i o n  can be  w r i t t e n  approximately a s  . 



where < 1 l r l M >  is  t h e  mat r ix  element from t h e  i n i t i a l  t o  i n t e rmed ia t e  

v i b r a t i o n a l - r o t a t i o n a l  s tate,  wh i l e  < ~ ( r  1 F> i s  t h e  mat r ix  element between 

the  in te rmedia te  and f i n a l  s t a t e .  w is  t h e  l a s e r  frequency, w t he  
R s 

s c a t t e r e d  frequency, w t h e  c e n t r a l  frequency o f  t h e  resonance, and p 
0 I 

is t h e  r e l a t i v e  thermal popula t ion  of t h e  i n i t i a l  v i b r a t i o n a l - r o t a t i o n a l  

s t a t e .  yT is  t h e  p re s su re  broadened l i n e  wid th  wh i l e  ye i s  t h e  p a r t i a l  

width due t o  e l a s t i c  c o l l i s i o n s .  This  exp re s s ion  is  v a l i d  i f  y  is  l a r g e r  
T 

than the  l i n e  width due t o  t h e  combination of  n a t u r a l ,  doppler ,  and hyper- 

f i n e  broadening. For most molecules a t  a tmospheric  p re s su re  t h e  l i n e  

width i s ,  i n  f a c t ,  p r i m a r i l y  due t o  p r e s s u r e  broadening. 

We can r e w r i t e  Eq. (1) i n  terms of t h e  o s c i l l a t o r  s t r e n g t h ,  f ,  and 

t h e  Franck-Condon f a c t o r s ,  Si j ,  by making t h e  s u b s t i t u t i o n  

The f a c t o r  o f  3 i n  t h e  f i r s t  m a t r i x  element occu r s  because w e  assume t h a t  

t he  o s c i l l a t o r  s t r e n g t h  is equa l ly  d iv ided  between t h e  P ,  Q ,  and R branches 

- 11 o f t h e a b s o r p t i o n l i n e .  F o r w  = w  - w  w e g e t :  
R 0 S 

where r is t h e  c l a s s i c a l  r a d i u s  of  t h e  e l e c t r o n  and w e  have assumed y  
0 T 

i s  dominated by i n e l a s t i c  c o l l i s i o n s .  While t h i s  l a s t  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 are known, 12-22 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 and choose the intermediate 

and final vibrational states to maximize S 
IM'MF We also choose the 

initial rotational state with the maximal thermal population and use 

standard methods to calculate p 
I ' 

23 We choose y on the basis of our 
T 

work with I2 where we found y = 2 x lolo radianslsec for 1 mm 
T 

of I2 in 1 atm of N (See Section 11.). The results of these calculations 
2 

as well as experimentally determined cross sections are presented in Table I. 

It should be noted that our calculation of the resonance Raman cross sec- 

tion for I is in very good agreement with the experimentally determined 
2 

value. This gives us some confidence in our calculation of the cross 

sections for the other diatomic molecules shown in the table. 

Using these cross sections we may deduce the effect of resonantly 

enhanced Raman cross sections for pollutant detection by means of a Lidar 

system. For such a system, the number of signal photons detected is: 

with 

Q = total detection efficiency (optical and quantum efficiency) 

N = number of laser pulses 

E = laser pulse energy (joules) 

w = laser frequency (radianslsec) 
0 





2 
c o l l e c t o r  a r e a  (cm ) 

range increment (m) 

range (km) 

concent ra t ion  of p o l l u t a n t  (ppm) 

2 
Raman s c a t t e r i n g  c r o s s  s e c t i o n  (cm / s r )  

atmospheric a b s o r p t i o n  c o e f f i c i e n t  a t  l a s e r  frequency 

atmospheric abso rp t ion  c o e f f i c i e n t  a t  s c a t t e r e d  frequency 

The number of counts  c o l l e c t e d  dur ing  t h e  same number of  pu lses  from 

s k y l i g h t  is: 

w i t h  

W(w ) = background i r r a d i a n c e  a t  t h e  s c a t t e r e d  wavelength 
S 

(watts/cm2 sr i) 

A X  = d e t e c t o r  bandwidth (i) 

$ = d e t e c t o r  f i e l d  of view ( s r )  

w = Raman s h i f t e d  frequency 
s 

- -  2L - g a t e  time f o r  range increment ( sec)  
C 

A u s e f u l  measure of t h e  s e n s i t i v i t y  of a  Lidar  system can be obtained by 

cons ider ing  t h e  s ignal- to-noise r a t i o  (SNR). When d e t e c t i n g  s c a t t e r e d  

0 

l i g h t  wi th  wavelength >3000 A,  we w i l l  assume t h a t  t h e  no i se  is  dominated 

by t h e  f l u c t u a t i o n s  i n  t h e  background i r r a d i a n c e ,  s o  t h a t  SNR = s/&. 
0 

For d e t e c t i o n  a t  wavelengths <3000 A, where t h e  s t r a t o s p h e r i c  ozone l aye r  

e f f e c t i v e l y  absorbs s u n l i g h t ,  and for n igh t t ime  d e t e c t i o n ,  we w i l l  assume 

t h a t  t h e  no i se  is  caused by f l u c t u a t i o n s  i n  t h e  s i g n a l ,  so  t h a t  SNR = &. 



We ignore the  p o s s i b l e  problems a s s o c i a t e d  w i t h  a d d i t i o n a l  background due 

t o  t h e  f luorescence  of ae roso l s .24  This  background may cause t r o u b l e  f o r  

a  Lidar  system which depends on o rd ina ry  Raman s c a t t e r i n g .  However, s i n c e  

t h e  u s e f u l  resonance c r o s s  s e c t i o n s  a r e  a t  l e a s t  3 o r d e r s  of magnitude 

l a r g e r  than ord inary  Raman c r o s s  s e c t i o n s ,  we f e e l  j u s t i f i e d  i n  ignor ing  

t h i s  problem f o r  t h e  purposes of  ou r  i l l u s t r a t i v e  c a l c u l a t i o n s .  

Our p o i n t  of view i n  t h i s  c a l c u l a t i o n  has  been t o  make technologica l  

assumptions which a r e  a t  t h e  l i m i t s  of p re sen t  c a p a b i l i t y  and t o  balance 

these  assumptions by r e q u i r i n g  t h e  system t o  meet s t r i c t  eye s a f e t y  

s tandards  and t o  g ive  a  measurement of p o l l u t a n t  concent ra t ion  accu ra t e  

t o  10% wi th  a  range r e s o l u t i o n  of 1 0  m. Our model Lidar  system i s ,  there-  

f o r e ,  t e c h n i c a l l y  f e a s i b l e ,  though perhaps no t  economically f e a s i b l e  a t  

p resent .  The most t echno log ica l ly  s o p h i s t i c a t e d  r e s u l t s  t h a t  we have seen 

i n  t h e  l i t e r a t u r e  a r e  t h o s e  of H i r sch fe ld  e t  a1.4 who b u i l t  a  d e t e c t o r  

3 2 with  A = 6.6 x 10 cm and A X  - 5 1. From t h e i r  r e s u l t s  on Raman s c a t t e r i n g  

from N one can e s t ima te  an  o v e r a l l  d e t e c t i o n  e f f i c i e n c y  of %3%. We 2 ' 
4 2  assume A = 10 cm , TI = 0.1, Ah = 1 i, and $ = sr f o r  our  c a l c u l a t i o n .  

The choice  of a  1-A bandwidth i s  based on t h e  f a c t  t h a t  narrow band f i l t e r s  

wi th  good t ransmiss ion  a r e  now a v a i l a b l e  throughout most of t h e  v i s i b l e  

reg ion  and t h a t  f o r  a  L ida r  system d e t e c t i n g  r a d i a t i o n  i n  t he  s o l a r  b l i n d  

reg ion  below 3000 1, a  narrow band i n t e r f e r e n c e  f i l t e r  i s  not  necessary.  

The l a r g e  va lue  of q may be  o p t i m i s t i c  f o r  a  f i e l d  instrument;  however, a  

fililnccb i l t  I'qs. (1 )  ilnA ( 4 )  w i l l  s l m w  tha t  SNR o n l y  d p p r n d s  on rl"2. W r  

assume a  l a s e r  t r a n s m i t t e r  which emi ts  a  beam of l o 3  cm2 c ros s - sec t iona l  

a r ea  and l i m i t  t he  l a s e r  energy t o  .05 mJ/pulse f o r  a  r e p e t i t i o n  r a t e  of 



100 Hz i n  o r d e r  t o  comply w i t h  t h e  l a s e r  s a f e t y  s t anda rd  f o r  d i r e c t  

viewing. 25 This  l i m i t a t i o n  a p p l i e s  f o r  l a s e r s  w i th  wavelengths >4000 i. 

For s h o r t e r  wavelengths ,  t h e  l i m i t s  appear t o  be  l e s s  s t r i n g e n t ,  bu t  s i n c e  

t h e r e  a r e  no s t a n d a r d s  f o r  very  s h o r t  p u l s e s ,  we w i l l  assume t h e  same 

0 

s t anda rd  a s  f o r  wavelengths >4000 A .  We use  t h e  d a t a  of  Baum and 

~ u n k e l m a n ~ ~  t o  e v a l u a t e  u a and t h a t  of Knes t r ick  and ~ u r c i . 0 ~ ~  f o r  
0 '  S '  

W(ws). W e  f u r t h e r  assume a  range r e s o l u t i o n  of 10  m and c a l c u l a t e  t h e  

concen t r a t i on  of  p o l l u t a n t  which y i e l d s  SNR = 10 wi th  a n  i n t e g r a t i o n  

time of 100 sec .  I n  F igu re  1, we p re sen t  t h e  r e s u l t s  of  t h a t  c a l c u l a t i o n  

f o r  NO2, SO2, and NO u s ing  t h e  c r o s s  s e c t i o n s  i n  Table  1. 

Figure  1 shows t h a t ,  w i t h  t h e  marginal  excep t ion  of  d a y l i g h t  d e t e c t i o n  

of  NO2, a L i d a r  system making use of  resonance Raman s c a t t e r i n g  can e a s i l y  

d e t e c t  t h e  p o l l u t a n t  concen t r a t i ons  t y p i c a l  of  smoke plumes ( > l o  ppm) a t  

a  range  of  a  few hundred meters  u s ing  l a s e r s  w i t h  on ly  very  modest ene rg i e s .  

A u s e f u l  comparison can  b e  made w i t h  t h e  r e c e n t  r e p o r t 4  of  d e t e c t i o n  of 

SO us ing  o r d i n a r y  Raman s c a t t e r i n g .  I n  t h a t  ca se ,  t h e  l a s e r  used had an 
2 

average  power of 0.4 W and an energyIpulse  of  0.2 J ,  and was a b l e  t o  d e t e c t  

30 ppm a t  200 m w i t h  SNR%10. Our c a l c u l a t i o n  shows t h a t  us ing  a  l a s e r  

of 5 mW average  power and 0.05 mJ/pulse ,  one could ach ieve  a  s e n s i t i v i t y  

of a  f a c t o r  of 1 0  b e t t e r  by making use of t h e  resonance Raman e f f e c t .  I n  

a d d i t i o n ,  i f  t h e r e  i s  an  enhanced c r o s s  s e c t i o n  i n  SO f o r  X < 2800 i, 
2  0 

comparable t o  t h a t  f o r  Xo = 2999.6 1, then  t h e  resonance Raman Lidar  sen- 

s i t i v i t y  f o r  d a y l i g h t  d e t e c t i o n  of SO2 w i l l  be  t h e  same a s  f o r  n igh t t ime 

d e t e c t i o n ,  s i n c e  sky background i n t e r f e r e n c e  wi th  t h e  de t ec t ed  r a d i a t i o n  

w i l l  no longer  be  a  problem. The Fact t h a t  t h e  SO abso rp t ion  spectrum 2  



Daylight 

Night  ----- 

500 1000 
Range (m) 

Figure  1. L ida r  s e n s i t i v i t y  vs range f o r  E = 0.05 m J  and N = 104 pu l se s  
assuming a  s igna l - to -noise  r a t i o  of 10  and a v i s i b i l i t y  of 10  km. 



shows f e a t u r e s  a t  A < 2800 i s i m i l a r  t o  t h a t  a t  A % 3000 i l e a d s  one t o  

expec t  t h a t  comparable enhancements w i l l  be  found f o r  such wavelengths.  

Using p re sen t ly  a v a i l a b l e  technology, one could cons t ruc t  a  ni t rogen-  

laser-pumped dye l a s e r  which has  t h e  r equ i r ed  pu l se  energy and r e p e t i t i o n  

r a t e 2 8  and by us ing  non l inea r  doubling c r y s t a l s  could extend i t s  tuning  

c a p a b i l i t y  t o  %2300 1. 29 I n  o r d e r  t o  d e t e c t  NO,  however, one needs a  

l a s e r  a t  2260 i. A t  p r e s e n t ,  t h e  non l inea r  c r y s t a l s  a v a i l a b l e  f o r  

f requency doubling t o  t h i s  wavelength have conversion e f f i c i e n c i e s  of 

<I%. 30 However, a t  l e a s t  one e f f i c i e n t  technique f o r  up-conversion of 

l i g h t  wi th  X > 2500 t o  span t h e  wavelength r eg ion  2000-2350 1 has  been 

repor ted .  31 It should be  noted t h a t  even i f  t h e  e f f i c i e n c y  of conversion 

of v i s i b l e  l i g h t  t o  l i g h t  a t  2260 6L were only  %0.01%, t h e r e  would s t i l l  be 

enough s e n s i t i v i t y  t o  monitor NO i n  smokestacks a t  ~ 2 0 0  m. 

F igure  1 a l s o  shows t h a t  monitor ing of ambient concent ra t ions  ( ~ 0 . 1  

ppm) a t  d i s t a n c e s  of t h e  o r d e r  of 1 km i s  c e r t a i n l y  ou t  of t he  ques t ion ,  

given t h e  s a f e t y  c o n s t r a i n t  we have imposed on t h e  ca l cu la t ion .  I f  

one could be  s u r e  t h a t  t h e r e  would be no eye exposure t o  t he  l i g h t  from the  

L ida r  t r a n s m i t t e r ,  then one might be  a b l e  t o  use  high-energy tunab le  l a s e r s  

t o  ga in  t h e  requi red  s e n s i t i v i t y .  

It seems t o  us t h a t  t h e  advantages i n  s e n s i t i v i t y  and s a f e t y  a s soc i a t ed  

w i t h  t h e  use  of resonance enhancements i n  a  Raman Lidar  system outweigh 

the  a d d i t i o n a l  problems a s soc i a t ed  wi th  the  use of a  tunable l a s e r  a s  a  

Lidar  t r a n s m i t t e r .  The f a c t  t h a t  an  ins t rument  f o r  use i n  populated a r e a s  

w i l l  probably have t o  comply wi th  s t r i n g e n t  eye s a f e t y  s tandards  impl ies  

t h a t  t h e  use  of resonance enhancements may be  t h e  only avenue t o  a  workable 

Raman Lidar  system f o r  remote smokestack monitor ing.  



SECTION LI 

MOLECULAR SPECTROSCOPY 



Resonance Raman Scattering in I2 Vapor 

We chose to investigate resonance Raman scattering in I vapor for 
2 

our initial experiments. There have been several studies of resonance 

enhancements in iodine using the accidental coincidences between I 
2 

absorption lines and argon and krypton laser wavelengths. However, these 

studies32 have given inconsistent results for the magnitude of the enhance- 

ments as well as for the quenching of the scattering with the addition of 

nitrogen. 

We have investigated resonance Raman scattering in I vapor for 
2 

several of the strongest rotational absorption lines in the 0-25 vibra- 

tional band of the B-X electronic transition with a narrow-band pulsed 

dye laser. We decided to investigate this band because the product of the 

matrix elements for absorption and inelastic reemission is the largest of 

the B-X system. (The Franck-Condon factors were obtained from J. 

~ellinghuisen'in a private communication.) Our effort has concentrated 

on the 0-25 P(47) rotational line which is relatively isolated from other 

absorption lines. For this line we have measured the resonance Raman 

cross section versus nitrogen buffer gas pressure for various laser 

frequencies. 

The experimental arrangement consisted of the usual 90" scattering 

geometry, a Jarrell-Ash double monochromator, and a gated electrometer 

(See Section 111.) which integrated the charge from an RCA 8575 photo- 

multiplier tube. The exciting source was a nitrogen-laser-pumped dye 

- 3  
laser similar to that of ~ 2 i n s c h ~ ~  using a 5 x 10 molar solution of 

fluorescein disodium salt in ethanol. The bandwidth of the laser was 

- 1 
narrowed by using a beam expanding telescope and a 1-cm air spaced 



e t a l o n  i n  s e r i e s  w i t h  a  g r a t i n g  which c o n s t i t u t e d  an  end mir ror  of t he  

l a s e r  cav i ty .  The g r a t i n g  was blazed a t  61' and operated i n  f i f t h  order .  

I n  t h i s  conf i g u r a t  i on ,  t h e  l a s e r  had a  l i n e  width of  0.037 t 0.007 cm-I 

and an  average power of 0.2 mW. A unique f e a t u r e  of our  l a s e r  design was 

t h e  scheme used f o r  f i n e  tun ing .  The e t a l o n  and t h e  g r a t i n g  were enclosed ' 

i n  a  vacuum t i g h t  chamber and t h e  frequency was tuned by varying t h e  

p re s su re  w i t h i n  t h e  chamber. The advantage of p re s su re  tuning is t h a t  t h e  

bandpass of t h e  e t a l o n  remains cen te red  on t h a t  of t he  g r a t i n g  wi thout  

mechanical manipulat ion of  e i t h e r  t h e  g r a t i n g  o r  t he  e t a lon .  Using pressure  

- 1 
tuning we have been a b l e  t o  tune  over  an  i n t e r v a l  of 3 cm i n  s t e p s  of 

-1 
0.01 cm i n  a  s t a b l e  and r ep roduc ib l e  manner. 

I n  F igure  2  we show a  p l o t  of t h e  i n t e g r a t e d  i n t e n s i t y  of t h e  f i r s t  

Raman mode of I ve r sus  l a s e r  frequency. The spectrum was taken by 
2  

cen te r ing  t h e  spec t rometer  bandpass (75 c m  on the  Stokes Raman mode 

a t  u213 cm-' and then  p r e s s u r e  tun ing  t h e  l a s e r .  The sample c e l l  contained 

I a t  i t s  room tempera ture  vapor p re s su re  (0.28 m) wi th  no b u f f e r  gas 
2  

present .  The l a s e r  beam was a t t enua ted  and defocused s u f f i c i e n t l y  t o  

avoid s a t u r a t i o n  and h e a t i n g  e f f e c t s .  The peaks i n  t h e  s c a t t e r e d  in ten-  

s i t y  correspond w i t h i n  experimental  e r r o r  t o  peaks i n  t h e  absorp t ion  

spectrum.34 A s  one approaches an abso rp t ion  l i n e ,  t h e  c ros s  s e c t i o n  

inc reases  d rama t i ca l ly .  For example, a t  t he  peak of t he  0-25 P ( 4 7 )  

do 
t r a n s i t i o n ,  t h e  d i f f e r e n t i a l  s c a t t e r i n g  c r o s s  s e c t i o n ,  -, was measured d  R 

2  t o  be 8.3 x cm / s t e r  which is  over  10  o r d e r s  of magnitude l a r g e r  

than t h e  Raman c r o s s  s e c t i o n  f o r  n i t rogen  a t  5460 A . ~ ~  The c ros s  s ec t ions  

were c a l c u l a t e d  by us ing  t h e  c r o s s  s e c t i o n  f o r  t h e  992 cm-I mode of 

benzene36 a s  a  s t anda rd  and making smal l  correct ' ions f o r  absorp t ion  

and s p e c t r a l  e f f i c i e n c y .  
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Figure  2.  Sca t t e r ed  i n t e n s i t y  of Raman mode l o c a t e d  a t  ~ 2 1 3  cm-I vs l a s e r  
frequency f o r  I 2  vapor a t  a  p r e s s u r e  of 0.28 mm wi th  no b u f f e r  gas  p re sen t .  



We have i n v e s t i g a t e d  t h e  quenching of t h e  s c a t t e r i n g  c r o s s  s e c t i o n  

by n i t r o g e n  nea r  t he  0-25 P(47) t r a n s i t i o n .  This  t r a n s i t i o n ,  i n  c o n t r a s t  

t o  t h e  0-43 P(12) ,  R(14) t r a n s i t i o n s  i n v e s t i g a t e d  by previous au tho r s  32 

- 1 has  very  l i t t l e  s t r u c t u r e  w i t h i n  0.4 cm of i t s  high frequency s i d e  

(See Fig.  2 . ) .  I n  F igure  3 w e  show a  p l o t  of t h e  resonance Raman c ros s  

s e c t i o n  v e r s u s  n i t rogen  p r e s s u r e  f o r  s e v e r a l  d i f f e r e n t  l a s e r  f requencies .  

For a l l  measurements, bo th  t h e  i n c i d e n t  l a s e r  beam and t h e  s c a t t e r e d  l i g h t  

accepted by t h e  spectrometer  were po la r i zed  perpendicular  t o  i t s  en t rance  

- 1 
sl i t .  The bandpass of t h e  spec t rometer  was s e t  t o  75 cm . With t h e  

l a s e r  set on resonance, t h e  c r o s s  s e c t i o n  is  quenched by over a  f a c t o r  

of 1000 f o r  a  change i n  N p r e s s u r e  from 2 mm t o  730 mm. A s  one tunes 
2  

o f f  resonance,  t h e  quenching becomes p rog res s ive ly  smal le r  u n t i l  a t  0.2 

-1 
cm away from t h e  abso rp t ion  l i n e  t h e r e  is  v i r t u a l l y  no quenching. 

We can ga in  some q u a l i t a t i v e  understanding of t h e  r e s u l t s  of t h i s  

experiment by cons ider ing  t h e  e f f e c t s  of fo re ign  gas c o l l i s i o n s  on t h e  

Rayleigh s c a t t e r i n g  from a two-level system t r e a t e d  i n  t h e  impact approxi- 

mation. One can show t h a t  t h e  amount of s c a t t e r e d  r a d i a t i o n  i s  propor t iona l  

t o  t h e  popula t ion  i n . t h e  upper s t a t e  and t h e r e f o r e  t o  t he  energy s to red  

i n  t h e  two-level system. For a  system which i n i t i a l l y  i s  i n  t h e  ground 

s t a t e ,  t h e  s t o r e d  energy v a r i e s  w i t h  t ime a s  s i n 2  !k! t where Aw i s  t h e  2 

angular  f requency d i f f e r e n c e  between t h e  i n c i d e n t  l i g h t  and t h e  resonance 

frequency of t h e  two-level system. For a  system which i n i t i a l l y  has  some 

s t o r e d  energy, t h e r e  is a n  a d d i t i o n a l  cons t an t  term. Now, f o r  i n e l a s t i c  

c o l l i s i o n s ,  t h e  system l o s e s  i t s  s t o r e d  energy with each c o l l i s i o n ,  so  

t h a t  dur ing  t h e  time between c o l l i s i o n s ,  T i t  behaves a s  s i n 2  b0 t .  
c ' 2 

Under t h e s e  cond i t i ons ,  and f o r  Aw >> l / ~  t h e r e  a r e  many o s c i l l a t i o n s  
c ' 
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Figure 3 .  P l o t  of t he  d i f f e r e n t i a l  resonance Raman s c a t t e r i n g  c r o s s  s e c t i o n  
f o r  t h e  Raman mode loca t ed  a t  ~ 2 1 3  cm-I v s  n i t r o g e n  b u f f e r  gas p re s su re  
f o r  l a s e r  f requencies  s epa ra t ed  from the  c e n t e r  of t h e  0-25 P ( 4 7 )  r o t a t i o n a l  
l i n e  by 0 ,  0.025, 0.05, 0 .1 ,  and 0.2 cm-l. 
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of t h e  s t o r e d  energy between c o l l i s i o n s  so t h a t  t h e  e f f e c t  of ( i n e l a s t i c )  

c o l l i s i o n s  on t h e  average  va lue  of t h e  s t o r e d  energy % is  sma l l ,  while  
S 

f o r  Aw << l / r c  t h e  e f f e c t  on E w i l l  be  l a r g e  and t h e  s c a t t e r e d  r a d i a t i o n  
S 

w i l l  be  quenched s i g n i f i c a n t l y .  This  simple p i c t u r e  is complicated by 

t h e  e f f e c t s  of e l a s t i c  c o l l i s i o n s  which randomize t h e  phase of t h e  wave 

f u n c t i o n  w i t h  r e s p e c t  t o  t h e  d r i v i n g  f i e l d ,  b u t  do no t  change t h e  instan-  

taneous  va lue  of t h e  energy.  E l a s t i c  c o l l i s i o n  w i l l  have a  s i g n i f i c a n t  

e f f e c t  on E f o r  bo th  Aw >> l / r c  and Ao << l / r c .  I n  f a c t ,  f o r  Ao >> l / r c ,  
S 

- 
E i n c r e a s e s  w i t h  each e l a s t i c  c o l l i s i o n ,  whi le  f o r  Aw << l / rc  i t  decreases .  

S 

I f ,  however, we a s k  how t h e  system behaves a s  a  func t ion  of increased  

f o r e i g n  gas p re s su re ,  t hen  a s  long a s  t h e  r a t i o  of e l a s t i c  t o  i n e l a s t i c  

c o l l i s i o n  r a t e s  is  n o t  a  func t ion  of p re s su re ,  t h e r e  is  s t i l l  no quenching 

f o r  Aw >> 1/r  because t h e  average number of e l a s t i c  c o l l i s i o n s  occurr ing  
C 

b e f o r e  an i n e l a s t i c  c o l l i s i o n  remains f i x e d  and t h e r e f o r e  remains 
S 

unchanged. 

We can a l s o  make a q u a n t i t a t i v e  comparison of ou r  d a t a  t o  theory ,  

b u t  t h e  a n a l y s i s  is  complicated by t h e  Doppler and hype r f ine  broadening 

of  t h e  absorp t ion  l i n e  and t h e  l i n e  width of t h e  l a s e r .  Near an i s o l a t e d  

abso rp t ion  l i n e ,  t h e  resonance Raman c r o s s  s e c t i o n  i n  t h e  impact approxi- 

10 .  mation can be w r i t t e n  a s  . 

where G(v - vrO)  is  t h e  l i n e  shape of t he  resonance due t o  Doppler and r 

hype r f ine  broadening cen te red  a t  v  O and S(vQ - vQO) i s  t h e  l i n e  shape r 

o f  t h e  l a s e r  centered a t  v  O r is  t h e  l i n e  width due t o  c o l l i s i o n s  and 
R '  T  



natural damping and r is the contribution to the line width from elastic 
e 

d a collisions. In order to evaluate the dependence of - on pressure, P, and 
d R 

Av = v O - v O, we assume that G and S are Gaussians and use Fourier R r 

transforms to reduce the double integral to a single integral. We then 

neglect natural damping, assume the r's vary linearly with P, and evaluate 

the integral numerically as a function of Av and P. The results of such 

a calculation are shown as the curves in Figure 3, where we have assumed 

that rT = (1.4 x cm-'/m) x P and that the convoluted Gaussian half 

width (at l/e) of the laser and the resonance is 0.024 cm-l. Overall 

normalization was set by a best fit to the Av = 0 data. It is clear that 

this model calculation adequately represents the data as a function of 

(Av) and P. 

Resonance Raman Scattering in NO2 

Unlike 12, the spectroscopy of NO is very poorly understood and one 
2 

cannot determine a priori the laser frequency which will give the largest 

resonance enhancements. The absorption spectrum extends from about 2500 

to 6500 i3' and appears to be a broad continuum with some sharp structure 

superimposed upon it. 38 Since we expect to find large enhancements asso- 

ciated with sharp absorption lines whose width is of the order of 0.1 A,  

a complete investigation of NO at wavelengths longer than its dissociation 2 

limit (%4000 x) would involve taking spectra at roughly 25,000 laser 
frequencies. This would be an immense undertaking. Our approach to finding 

the largest Raman cross section was to concentrate on the v Raman mode 2 
- 1 

which is located 750 cm below the laser frequency and measure its intensity 

variation as a narrow-band laser (0.1 A) was continuously scanned through 

the NO absorption spectrum. 
2 



Experimental d e t a i l s .  The tunable  l a s e r  used i n  t hese  experiments 

was t h e  same a s  t h a t  used f o r  t h e  iod ine  experiments .  The s i x  dye solu- 

t i o n s  used t o  cover  t h e  wavelength reg ion  from 4235-6025 a r e  l i s t e d  i n  

Table 11. The l a s e r  bandwidth was narrowed by us ing  an i n t r a c a v i t y  beam 

expanding t e l e scope  i n  s e r i e s  w i t h  a  g r a t i n g  which formed one end mir ror  

of t h e  cav i ty .  The g r a t i n g  was blazed a t  61" and opera ted  i n  f i f t h  o r  

s i x t h  order .  I n  t h i s  c o n f i g u r a t i o n  t h e  l a s e r  had a  bandwidth of %0.5 cm-I 

and could b e  cont inuous ly  tuned over  t h e  e n t i r e  ga in  p r o f i l e  of a  s i n g l e  

dye by us ing  a  s m a l l  c lock  motor t o  d r i v e  a  micrometer which con t ro l l ed  

t h e  g r a t i n g  t i l t  angle .  During such tuning,  occas iona l  s l i g h t  adjustment 

of t h e  v e r t i c a l  tilt of t h e  g r a t i n g  was necessary  t o  maintain maximum 

output  power. I n  o r d e r  t o  f u r t h e r  decrease  t h e  l i n e  width f o r  h ighe r  

r e s o l u t i o n  scanning of a l i m i t e d  reg ion ,  w e  used t h e  p re s su re  tun ing  

scheme descr ibed  p rev ious ly .  

A q u a n t i t y  of  p u r i f i e d  NO2 w a s  ob ta ined  from D r .  Harold Johnston 's  

group i n  t h e  Chemistry Department a t  t h e  Un ive r s i t y  of C a l i f o r n i a ,  

Berkeley. ~ u r i f i c a t i o n ~ ~  was c a r r i e d  ou t  by f i r s t  s t o r i n g  l i q u i d  N 0 2 4 

i n  1 a t m  of O2 a t  O°C f o r  24 hours.  The m a t e r i a l  was then  placed i n  a 

dry i c e  ba th  and uncondensed gas  was removed by pumping. The condensate 

was then  d i s t i l l e d  from -20°C t o  -76OC s e v e r a l  t imes ,  w i t h  t h e  f i r s t  

po r t i on  of t h e  d i s t i l l a t e  d i scarded  i n  an a t tempt  t o  remove HNO A 
3' 

sample of t h e  r e s u l t i n g  g a s ,  a t  1 mm pres su re ,  was enclosed i n  a  pyrex 

c e l l  4 .5 cm i n  diameter  and 5 cm long. Fluorescence from the  sample was 

c o l l e c t e d  i n  a  d i r e c t i o n  perpendicular  t o  t he  i n c i d e n t  beam wi th  an f /3 .4 

l e n s  and focused onto t h e  en t r ance  s l i t  of a  Ja r re l l -Ash  double monochromator. 

I n  o rde r  t o  avoid h e a t i n g  o r  d i s s o c i a t i o n  of t h e  NO a  c y l i n d r i c a l  l ens  2 ' 



Table 11. Laser dyes used i n  scans  of NO2 spectrum. Nitrogen l a s e r  
powers were 20-25 mW dur ing  t h e s e  runs.  

DYE - 
Coumarin 120 

7 Diethylamino-4 Methyl- 
Coumarin (7D4MC) 

Coumarin 102 

50% (7D4MC) + 50% 
Coumarin 6 

Fluorescein Disodium Salt 

Rhodamine 6G 

TUN I NG RANGE (i) 

4235 - 4454 

4413 - 4714 

4651 - 4935 

5014 - 5307 

5357 - 5580 

5712 - 6025 



was placed b e f o r e  t h e  sample. This  l e n s  defocused t h e  inc iden t  l a s e r  

along a  l i n e  co inc iden t  w i t h  t h e  a x i s  of t h e  spec t rometer ,  forming a  beam 

about 2 mm x 3 cm a t  t h e  p o s i t i o n  of t h e  sample. The inc iden t  l i g h t  was 

po la r i zed  perpendicular  t o  t h e  en t r ance  s l i t  of t h e  monochromator, and no 

a t tempt  was made t o  ana lyze  t h e  s c a t t e r e d  l i g h t .  L ight  reaching t h e  

e x i t  s l i t  of t h e  monochromator was de t ec t ed  by a  photomul t ip l ie r  ( e i t h e r  

RCA 8575 o r  RCA 7265) whose output  passed through a  gated i n t e g r a t o r  

(See Sec t ion  111.) which d isp layed  t h e  r e s u l t s  on a  c h a r t  recorder .  

Four types  of experiments were performed wi th  t h e  apparatus  j u s t  

descr ibed .  F i r s t ,  a  coa r se  scan  was taken through t h e  ga in  p r o f i l e s  of 

t h e  s i x  dyes l i s t e d  i n  Table 11. For t h i s  experiment,  t h e  l a s e r  d id  not  

con ta in  t h e  i n t r a c a v i t y  e t a l o n ,  and i ts  frequency was va r i ed  by us ing  a  

c lock  motor t o  d r i v e  t h e  g r a t i n g  mount. The spectrometer  was s e t  t o  t he  

v mode of NO a t  750 cm-' from t h e  l a s e r  f requency and was advanced by 
2 2 

0 

hand every t ime t h e  l a s e r  scanned %7 A. The bandpass of the  spectrometer  

0 

was 25 A f o r  t h e s e  experiments.  Any sha rp  i n t e n s e  s t r u c t u r e  seen  on t h i s  

f i r s t  scan  was rescanned i n  t h e  same manner t o  check r e p r o d u c i b i l i t y .  

I n  F igure  4 w e  p re sen t  t h e  most i n t e r e s t i n g  s t r u c t u r e s  found wi th  t h i s  

experimental  procedure.  For a  given dye, o t h e r  s t r u c t u r e s  were observed, 

bu t  they were e i t h e r  of lower i n t e n s i t y  o r  d id  no t  c o n s i s t  of resolved 

sharp  l i n e s .  One of t h e  s t r u c t u r e s  shown i n  F igure  4 occurs  i n  a  reg ion  

descr ibed by Douglas and ~ u b e r ~ ~  i n  t h e i r  s tudy  of t h e  NO absorp t ion  
2 

spectrum, and we chose t o  i n v e s t i g a t e  t h i s  reg ion  i n  more d e t a i l .  For 

t h i s  purpose, we in se rced  t h e  i n t r a c a v i t y  e t a l o n  i n t o  t h e  l a s e r  and, wi th  

- 1 
t h e  spec t rometer  s e t  750 c m  from t h e  c e n t r a l  frequency of the  band, we 
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Figure  4. I n t e n s i t y  i n  t h e  v2 mode a s  a func t ion  of l a s e r  wavelength over 
wavelength reg ions  where s h a r p  and i n t e n s e  s t r u c t u r e s  were observed. The 
bandwidth of t h e  l a s e r  was -0 .1  and t h e  spec t rometer  bandwidth was s e t  
t o  2 5  A. The i n t e n s i t i e s  i n  d i f f e r e n t  scans  cannot be  compared d i r e c t l y  
due t o  v a r i a t i o n s  i n  l a s e r  power and d e t e c t o r  s e n s i t i v i t y .  



used ou r  p re s su re  tun ing  t o  vary  t h e  l a s e r  frequency ac ros s  t h e  band. 

The r e s u l t  of t h i s  scan  i s  shown i n  F igure  5 where now one can s e e  the  

i n d i v i d u a l  l i n e s  reso lved  c l e a r l y .  The spectrometer  bandwidth w a s  

$120 cm-I f o r  t h e s e  experiments.  The l i n e s  shown can be c o r r e l a t e d  

d i r e c t l y  w i t h  those  seen i n  abso rp t ion  by Douglas and Huber. 38 

By scanning t h e  spec t rometer  w i t h  t h e  l a s e r  tuned t o  f requencies  

n e a r  l i n e  B i n  F igure  5, we have taken low r e s o l u t i o n  s p e c t r a  of t h e  fluo- 

r e scence  from NO F igu re  6 shows scans  taken a t  l a s e r  frequency s h i f t s  
2 ' 

-1 of  Av = 0 ,  -0.04, and -0.2 cm from l i n e  B w i t h  a spectrometer  bandwidth 

-1 o f  120 cm . It is  apparent  t h a t  t h e  i n t e n s i t i e s  of t h e  v mode and i t s  
2 

f i r s t  and second over tones  a r e  s t r o n g l y  frequency dependent. F i n a l l y ,  

we have made h igh  r e s o l u t i o n  spec t rometer  scans  of t h e  v mode w i t h  t h e  
2 

l a s e r  set t o  t h& peak f r equenc ie s  o f . t h e  s t r o n g  l i n e s  i n  Figure 5 (desig- 

na t ed  by t h e  l e t t e r s  A through H ) .  The monochromator bandwidth f o r  these  

- 1 
experiments  was s e t  t o  4 cm . Each scan  included no t  only t h e  v mode, 2 

b u t  a l s o  a xenon c a l i b r a t i o n  l i n e  loca t ed  a t  4697.0 i. Using t h i s  c a l i -  

b r a t i o n  l i n e  we could determine t h e  a b s o l u t e  l o c a t i o n  of t h e  v mode t o  2 
-1 

20.5 cm . Some examples of t h e s e  h igh  r e s o l u t i o n  s p e c t r a  a r e  shown i n  

F igu re  7. W e  have made use  of  t h e  observed s p l i t t i n g s  of t he  v 2  mode t o  

i d e n t i f y  t h e  i n i t i a l ,  i n t e rmed ia t e ,  and f i n a l  r o t a t i o n a l  s t a t e s  f o r  t he  

t r a n s i t i o n s  shown. 

Discussion.  The v i s i b l e  absopr t ion  spectrum of NO has a complex 2 

s t r u c t u r e  which has  been analyzed only  t o  a l i m i t e d  ex ten t .  We have s tudied  

t h e  i n t e n s i t y  of t h e  v f l uo rescence  mode throughout most of t h e  v i s i b l e  2 

abso rp t ion  spectrum and have observed t h e  s i x  i n t e n s e  and sharp s t r u c t u r e s  
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Figure  6. Low r e s o l u t i o n  s c a n s  of t h e  f l uo re scence  taken  wi th  l a s e r  
frequency s h i f t s  of 0 ,  -0.04, and -0.2 cm-I from l i n e  B of F igure  5. 
The bandwidth o f  t he  spec t rometer  was 120 cm-l and t h e  l a s e r  bandwidth 
was 0.04 cm-1. 
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Figure  7 .  High r e s o l u t i o n  spec t rometer  s cans  of  t h e  v2 mode l o c a t e d  
%750 cm-1 lower i n  f requency than t h e  laser. The l a s e r  was tuned t o  t h e  
peaks of l i n e s  A ,  B ,  C ,  E ,  and G of F i g u r e  5. The K and N v a l u e s  r e f e r  
t o  t h e  f i n a l  s t a t e  of t h e  va r ious  t r a n s i t i o n s .  The spectrometer  bandwidth 
was 4 cm-1  and t h e  l a s e r  bandwidth, 0.04 cm-l. 



shown i n  F igure  4. The p o s i t i o n s  of f i v e  of  t h e s e  s t r u c t u r e s  l oca t ed  a t  

-1 18,215, 19,523, 21,099, 21,996, and 22,990 c m - I  a r e  given t o  w i t h i n  10 cm 

L by t h e  fo l lowing  formula v = 18,215 + 576.22 N + 36.38 N w i t h  N respec- 

t i v e l y  equa l  t o  0 ,  2 ,  4 ,  5 ,  6. The f r equenc i e s  corresponding t o  N = 1 

and N = 3 occur  a t  gaps between wavelength r eg ions  covered by t h e  dyes. 

We s p e c u l a t e  t h a t  t h e r e  may be  s i m i l a r  s t r u c t u r e s  corresponding t o  N = 1 

and N = 3,  w i th  a l l  seven s t r u c t u r e s  forming a smooth progress ion .  We 

a r e  u n c e r t a i n  of t h e  exp lana t ion  f o r  t h i s  p rog re s s ion ;  however, i f  i t  i s  

due t o  v i b r a t i o n a l  spac ing  i n  t h e  upper s t a t e ,  then  i t  has  a  p e c u l i a r  

anharmonici ty ,  s i n c e  t h e  spac ing  between members of  t h e  progress ion  

i n c r e a s e s  w i t h  frequency.  It should be  noted t h a t ,  of t h e  s i x  observed 

s t r u c t u r e s ,  on ly  t h e  one n e a r  4545 A corresponds t o  any of t h e  bands 

r epo r t ed  by Douglas and ~ u b e r . ~ ~  With t h e  l a s e r  tuned t o  t h e  peaks of 

t h e  most i n t e n s e  l i n e s  w i t h i n  t h e s e  s t r u c t u r e s ,  we observe f luorescence  

c r o s s  s e c t i o n s  i n t o  t h e  v mode which a r e  about  2 o r d e r s  of magnitude 
2  

l a r g e r  than those  t y p i c a l l y  observed us ing  f i x e d  frequency l a s e r s .  
4 0  

For example, a t  t h e  peak of l i n e  B i n  F igure  5  w e  have measured a  c ros s  

2  
s e c t i o n  of 1 .4  x c m  /sr a t  1 mm of NO p re s su re .  The l a r g e  2  

s c a t t e r i n g  c r o s s  s e c t i o n s  a r e  p a r t i c u l a r l y  s u r p r i s i n g  given the  f a c t  

0 

t h a t  t h e  abso rp t ion  c r o s s  s e c t i o n s  w e  have measured a t  l i n e s  nea r  4545 A 

a r e  comparable t o  t h a t  of  t h e  background abso rp t ion .  These sharp  and 

i n t e n s e  s t r u c t u r e s  might be  due t o  t r a n s i t i o n s  t o  i n t e rmed ia t e  s t a t e s  

which a r e  no t  pe r tu rbed  by h igh  l y i n g  v i b r a t i o n a l  l e v e l s  of t h e  ground 

s t a t e .41  Such an exp lana t ion  i s  c o n s i s t e n t  w i t h  t h e  l a r g e  enhancements 

we have measured. 

W e  have i n v e s t i g a t e d  t h e  band near  4545 i n  much g r e a t e r  d e t a i l  than 



the other bands. As shown in Figure 5, this band has a sharp and complex 

structure. We have attempted to make a partial rotational analysis of 

this region by tuning the laser to several of the most intense lines, 

designated by the letters A through H in Figure 5, and resolving the v 
2 

fluorescence mode located42 at 749.8 em-'. In Figure 7 the resolved 

fluorescence for the laser tuned to lines A, By C, E, and G are presented 

Since the narrow band laser selects a single initial to intermediate 

state transition, the observed triplet structures can be used in combina- 

tion with the selection rules for a slightly asymmetric top (AN = lr1.0; 

AK = k1.0) and the ground state spectroscopic constants, to assign the 

final state quantum numbers. This determination then allows one to make 

assignments for both the initial and intermediate states. 

The rotational energy levels of a slightly asymmetric top can be 

4 3 .  written approximately as . 

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

limit. The quantity b is an asymmetry parameter given by: 

and  AD^ are K dependent functions of b which vanish as b goes to ABef f ef f 

zero. The formulae for A B ~  and  AD^ are given in full detail by ef f ef f 

Herzberg . 43 In E q .  (5) we have neglected the vibrational rotational 



i n t e r a c t i o n  s i n c e  t h i s  c o r r e c t i o n  i s  f o r  t h e  f i r s t  exc i t ed  

v i b r a t i o n a l  s t a t e .  For NO h a l f  of  t h e s e  l e v e l s  a r e  missing due t o  
2  

nuc l ea r  s t a t i s t i c s .  The oxygen atoms have s p i n  0  and t h e r e f o r e  t h e  t o t a l  

wave f u n c t i o n  ( e l e c t r o n i c - v i b r a t i o n a l - r o t a t i o n a l )  must be symmetric under 

i n t e r change  of  t h e  oxygen nuc l e i .  I n  t h e  ground s t a t e  of NO bo th  t he  
2  ' 

e l e c t r o n i c  and v v i b r a t i o n a l  wave func t ions  a r e  symmetric under i n t e r -  
2  

change of t h e  oxygen atoms (They both  have A1 symmetry.). Therefore ,  f o r  

s t a t e s  i n  which only  t h e  v v i b r a t i o n a l  mode i s  e x c i t e d ,  no antisymmetric 
2  

r o t a t i o n a l  l e v e l s  w i l l  be  found. Using Eq. (5) and t h e  app rop r i a t e  spec- 

t r o s c o p i c  (Ao = 8.0012 cm-', Bo = 0.43364 , Co = 0.41040 

- 
c m  I )  a long  w i t h  Dennison's ru l e s45  f o r  determining the  symmetry of  a  

r o t a t i o n a l  l e v e l ,  one can c o n s t r u c t  t h e  energy l e v e l  diagram of  t h e  ground 

s t a t e .  By comparing t h e  spac ing  of ad j acen t  l e v e l s  w i th  t h e  observed 

s p l i t t i n g s  i n  t h e  t r i p l e t  s t r u c t u r e s  shown i n  F igure  7, one can i d e n t i f y  

t h e  f i n a l  s t a t e  o f  t h e  t r a n s i t i o n s .  These i d e n t i f i c a t i o n s  a r e  shown i n  

F igure  7 and a  comparison of c a l c u l a t e d  and observed s p l i t t i n g s  is made 

i n  Table 111. W e  can now i d e n t i f y  t h e  i n i t i a l  s t a t e  quantum numbers by 

no t ing  t h a t  t h e  displacement  of t h e  emission l i n e s  from t h e  l a s e r  frequency 

corresponds t o  t h e  d i f f e r e n c e  i n  energy between t h e  i n i t i a l  and f i n a l  

v i b r a t i o n a l - r o t a t i o n a l  s t a t e s .  S ince  t h e  v i b r a t i o n a l  frequency of  t h e  v 2 
- 1 

mode is  749.8 cm , i t  i s  easy t o  s e e  from Figure  7  t h a t  t he  i n i t i a l  s t a t e s  

f o r  t h e  t r a n s i t i o n s  A ,  B ,  C ,  E ,  and G a r e  r e s p e c t i v e l y  K"= l  N1'=15, K " = l  

N1'=13, K " = l  N 1 ' = l l ,  ~ " = l  N1'=16, and K " = l  N1'=14. From the  i n i t i a l  and f i n a l  

s t a t e  N va lues  and t h e  s e l e c t i o n  r u l e  AN = +1, 0 t h e  corresponding i n t e r -  

mediate s t a t e  N va lues  must be N1=15, N'=13, N f = l l ,  N1=17, and N V = 1 5 .  The 

obse rva t ion  of on ly  odd N '  va lues  sugges t s  t h a t  K'=O and t h a t  the  



Table 111. Comparison of calculated and measured s p l i t t i n g s  
between members of t r i p l e t  structures shown i n  Fig. 7 .  

FINAL STATE FREQUENCY S H I  FT FROM 
TRANSITION N VALUE CENTRAL N VALUE (cm-l) 

CALCULATED 

16 .5  
- 

-10 .0  

1 4 . 1  
- 

- 9 . 0  

1 1 . 8  
- 

- 7 . 9  

20 .2  
- 

-11 .3  

16 .5  
- 

-10 .0  



i n t e rmed ia t e  s t a t e  v i b r o n i c  wave func t ion  i s  ant isymmetr ic  under i n t e r -  

change of  t h e  oxygen n u c l e i .  For a l l  o t h e r  K'  v a l u e s ,  one would expect 

t o  observe bo th  even and odd va lues  of N ' .  45 These assignments  are 

c o n s i s t e n t  w i t h  t hose  made by Douglas and ~ u b e r ~ ~  from t h e i r  h igh  resolu-  

t i o n  abso rp t ion  measurements. We have a l s o  t r i e d  t o  make f u r t h e r  

ass ignments  by tun ing  t h e  l a s e r  t o  l i n e s  D ,  F, and H. However, t h e  

f l uo re scence  d i d  n o t  show a t r i p l e t  s t r u c t u r e  and could no t  be used f o r  

i d e n t i f i c a t i o n .  

Fluorescence L i f e t imes  i n  NO2 

I n  c o l l a b o r a t i o n  w i t h  t h e  Bradley Moore group we have a l s o  made 

measurements of  t h e  f l uo re scence  l i f e t i m e s  a t  s e v e r a l  l i n e s  w i t h i n  t h e  

sha rp  s t r u c t u r e  n e a r  4545 i. These experiments w e r e  motivated by t h e  

obse rva t ion  t h a t  t h e  f l uo re scence  l i f e t i m e  of NO i s  anomalously long 
2 

when compared t o  t h e  l i f e t i m e  obta ined  from t h e  i n t e g r a t e d  abso rp t ion  

c o e f f i c i e n t .  This  e f f e c t  i s  be l i eved  t o  a r i s e  from i n t e r a c t i o n s  between 

t h e  d i f f e r e n t  e l e c t r o n i c  l e v e l s  i n  t h e  v i s i b l e  reg ion .  Despi te  much 

e f f o r t  t o  observe sho r t - l i ved  s t a t e s  d i r e c t l y ,  on ly  two such observa t ions  

have been r epo r t ed  t o  d a t e .  The f i r s t  of t h e s e  involved K = 0 ,  'B1 
a  

l i n e s  which form prominent f e a t u r e s  of t h e  abso rp t ion  spectrum nea r  

4545 L . ~ ~  Its accuracy w a s  s e v e r e l y  l i m i t e d ,  however, by poor s i g n a l  t o  

n o i s e  and l a c k  of shot-to-shot s t a b i l i t y  i n  t h e  l a s e r  employed. The 

second of  t h e s e  observa t ions4 '  involved not  t h e  K = 0 ,  2~ l i n e s ,  but  
a  1 

r a t h e r  a  5 2~ r o t a t i o n a l  l e v e l  pumped by t h e  488-nm l i n e  of  an argon 
24' 2  

ion l a s e r .  A 1 i f e t i m e  of 3.39 0 .36  psec was obtained lrom t 1 1 ~  I i n e  

width of t he  microwave-optical double resonance s i g n a l .  I n  c o l l a b o r a t i o n  

wi th  Moore's group we have performed an experiment which shows t h a t  



K = 0 ,  2 ~ 1  l i n e s  nea r  4545 do n o t  have t h e  s h o r t  l i f e t i m e s  expected a  

from p rev ious  exper imenta l  r e s u l t s  and p e r t u r b a t i o n  a n a l y s i s .  

F igu re  8  shows t h e  exper imenta l  arrangement.  A ni t rogen- laser -  

pumped dye l a s e r  of 1-GHz bandwidth (Molectron DL-300 pumped by Molectron 

W-1000) was used t o  e x c i t e  NO2 i n  a  2 2 - l i t e r  bu lb  connected t o  a  grease- 

l e s s  vacuum system. P re s su re s  were measured w i t h  a  capac i tance  manometer 

(MKS Bara t ron ,  Type 300BH-1 Head). The l a s e r  frequency was scanned 

(Molectron Scanning Unit  Model DL-404B), and f l uo re scence  a t  r i g h t  angles  

t o  t h e  beam w a s  observed by two pho tomul t i p l i e r s .  One pho tomul t i p l i e r  

(EM1 9 6 5 9 ~ ,  PM-1) was equipped w i t h  a  b l u e  c u t o f f  f i l t e r  (Schot t  RG-530) 

and observed "red" f l uo re scence  w i t h  X > 530 nm. The second photo- 
f  l u o r  

m u l t i p l i e r  (RCA 8575, PM-2) observed f l uo re scence  which was focused us ing  

f / 1 0  o p t i c s  and reso lved  by a  monochromator (Spex, 314 m). The monochromator 

- 1 
was set t o  p a s s  "blue" f l uo re scence  750 cm below the  e x c i t a t i o n  l i n e  

w i t h  a  bandpass of roughly 90 cm-' (FWHM, 2-mm s l i t s ) .  

A t  s p e c i f i c  l i n e s  i n  t h e  e x c i t a t i o n  spectrum, t h e  l a s e r  scan  was 

s topped  and t h e  l i f e t i m e  measurements were made us ing  t h e  2 2 - l i t e r  bulb 

f o r  bo th  t h e  r e d  and t h e  b l u e  f l uo re scence .  To o b t a i n  improved s i g n a l  t o  

no i se ,  many f luo re scence  t r a c e s  were d i g i t i z e d  (Biomation 8100 Trans ien t  

Recorder) and averaged (Northern 575 S igna l  Averager) .  During t h e  per iod 

i n  which t h e  f l uo re scence  was averaged,  t y p i c a l l y  2-5 min, t h e  l a s e r  

remained s t a b l e  i n  frequency t o  %1 GHz a s  judged by t h e  s i g n a l  i n t e n s i t y  

of t h e  e x c i t a t i o n  spectrum. 

F luorescence  i n  e i t h e r  t h e  b l u e  o r  r ed  r eg ion  appeared t o  decay wi th  

a s i n g l e  exponent ia l .  Rec iproca l  l i f e t i m e s  a s  a  func t ion  of p r e s su re  a r e  

shown i n  F igure  9  both f o r  t h e  red f l u o r e s c e n c e  and f o r  the b lue  
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Figu re  9. Reciprocal  l i f e t i m e s  f o r  NO2 f l uo re scence  a s  a  func t ion  of 
p r e s su re .  The c i r c l e s  and squa re s  a r e  f o r  reso lved  b l u e  f l uo re scence  
e x c i t e d  by t h e  Q(13) and Q(l1)  l i n e s ,  r e s p e c t i v e l y .  The t r i a n g l e s  
a r e  f o r  t h e  unresolved r e d  f l uo re scence .  The i n s e r t  shows an expansion 
o f  t h e  low-pressure r e g i o n  f o r  t h e  b l u e  f luorescence .  



f l uo re scence  e x c i t e d  a t  each of t h e  Q(l1) and Q(13) l i n e s  denoted by B 

and C i n  F igu re  5 .  

The zero-pressure  l i f e t i m e  of t h e  b l u e  f l uo re scence  exc i t ed  by e i t h e r  

t h e  Q ( l 1 )  o r  Q(13) l i n e s  is found t o  be  33 ? 4 psec.  A c a r e f u l  examination 

of t h e  low-pressure f l uo re scence  t r a c e s  f o r  f a s t  components wi th  l i f e t i m e s  

on t h e  o rde r  of  1-3 usec  has  shown t h a t  such components, i f  p r e s e n t ,  form 

l e s s  than  5% of t h e  f l uo re scence  ampli tude.  Previous i n v e s t i g a t o r s  have 

found s h o r t  components f o r  K = 0 s t a t e s  whose ampli tude a t  unspec i f ied  
a  

p r e s s u r e s  was roughly 13% of  t h e  broad band f luorescence .  S ince  our 

experiment i s o l a t e s  f l uo re scence  s p e c i f i c a l l y  from K = 0 s t a t e s ,  i t  should 
a  

be  extremely s e n s i t i v e  t o  such s h o r t  components i f  p r e sen t .  S ince  no 

evidence f o r  t h e s e  components was found, we conclude t h a t  K = 0 l i n e s  
a  

of  t h e  2~ e l e c t r o n i c  s t a t e  do n o t  have s h o r t  l i f e t i m e s  comparable t o  t h e  
1 

i n t e g r a t e d  a b s o r p t i o n  l i f e t i m e  of 0 . 3  usec.  This  f a c t  may i n d i c a t e  t h a t  

such l i n e s  a r e  s t i l l  app rec i ab ly  per turbed .  However, t he  f a c t  t h a t  t he se  

s t a t e s  do s t and  o u t  i n  t h e  abso rp t ion  spectrum and even more s o  i n  t h e  

e x c i t a t i o n  spectrum of t h e  v f l uo re scence  mode sugges t s  t h a t  they a r e  
2 

unperturbed.  S ince  a  lengthening  of  t h e  l i f e t i m e  by a  f a c t o r  of 100 is 

no t  compat ible  w i t h  unperturbed s t a t e s ,  perhaps t h e  o s c i l l a t o r  i n t e n s i t y  

from which a 0 .3  usec  l i f e t i m e  i s  deduced may be  t h a t  of t he  2~ s t a t e .  
2 

I f ,  i n  f a c t ,  t h e  Ka = 0 l e v e l s  a r e  unper turbed ,  then t h e  l i f e t i m e  measured 

i n  t h i s  experiment may be  t h e  t r u e  l i f e t i m e  of t h e  'B e l e c t r o n i c  s t a t e .  
1 



SECTION 111 

SPINOFF RESEARCH 



During t h e  course  of  t h i s  p r o j e c t  w e  have made some progress  i n  

s c i e n t i f i c  a r e a s  no t  d i r e c t l y  r e l a t e d  t o  t h e  i n i t i a l  goa l s  of t h e  proposal .  

These i nc lude  some p re l imina ry  experiments  on us ing  modulated f luorescence  

a s  a  monitor f o r  ambient NO l e v e l s  and t h e  development and cons t ruc t ion  
2 

of a n  inexpensive analog g a t e  used f o r  d e t e c t i n g  smal l  s i g n a l  l e v e l s  from 

a  pho tomul t i p l i e r .  Also, one o f  t h e  a u t h o r s  (H.R . )  h a s  co l l abo ra t ed  

w i t h  T.  Novakov t o  exp lo re  t h e  f e a s i b i l i t y  of us ing  Raman s c a t t e r i n g  f o r  

c h a r a c t e r i z i n g  ambient a e r o s o l s .  These a r e a s  of r e sea rch  w i l l  b e  descr ibed 

i n  t h i s  s e c t i o n  of t h e  r e p o r t .  

Modulated Fluorescence a s  a  P o s s i b l e  I n - s i t u  Monitor f o r  NO2 

Recent ly ,  Tucker et have r epo r t ed  t h e  s u c c e s s f u l  o p e r a t i o n  of 

an  ambient NO2 monitor based on l a s e r  e x c i t e d  broad band molecular  f luo-  

rescence.  I n  o r d e r  t o  avoid f l uo re scence  from a e r o s o l s ,  however, i t  was 

necessary  t o  f i l t e r  t h e  incoming a i r  s t ream. This  f i l t e r i n g  procedure 

could change t h e  measured NO2 concen t r a t i on  e i t h e r  because of adso rp t ion  

d i r e c t l y  on t h e  f i l t e r  o r  on p a r t i c u l a t e s  t rapped by t h e  f i l t e r .  We have 

i n v e s t i g a t e d  an a l t e r n a t e  procedure which has  t h e  v i r t u e  t h a t  i t  r e q u i r e s  

no process ing  of  t h e  a i r  sample and can monitor NO2 and p a r t i c u l a t e s  

s imultaneously.  

I n  our  work on the  e x c i t a t i o n  spectrum of  t h e  v f l uo re scence  mode 2 

of NO desc r ibed  i n - S e c t i o n  11, we found s e v e r a l  narrow s p e c t r a l  reg ions  
2 

i n  which t h i s  reemission mode is  s h a r p l y  enhanced. Following t h e  work of 

Tucker e t  a1. ,48 we have looked a t  broad band f l uo re scence  from 1 mm of 

NO2 i n  1 atm of N2 as  we tuned a  l a s e r  over  some of t h e  sharp  e x c i t a t i o n  



l i n e s  which were found i n  our  e a r l i e r  s t udy .  We f i n d  s u b s t a n t i a l  modulation 

of t h e  broad band f luorescence .  Th i s  modulation occurs  when t h e  l a s e r  is 

tuned over  a  very  narrow s p e c t r a l  r eg ion  and i s  c h a r a c t e r i s t i c  of NO 
2 ' 

Since  p a r t i c u l a t e  f l uo re scence  is  expected t o  change q u i t e  slowly with 

l a s e r  f requency,  we f e e l  t h a t  w e  have found t h e  b a s i s  f o r  an i d e a l  way t o  

s e p a r a t e  NO f l uo re scence  from p a r t i c u l a t e  f l uo re scence .  
2 

The l a s e r  used i n  t h i s  experiment was i n  t h e  same con f igu ra t i on  a s  

t h a t  used f o r  t h e  i o d i n e  experiments .  Using a  5 x molar s o l u t i o n  of 

7D4MC i n  e t h a n o l  a s  a  dye, t h e  l a s e r  had a  bandwidth of 0.04 cm-I and an 

average power of  0.15 mW nea r  4545 A. The l a s e r  beam was d i r e c t e d  along 

the  a x i s  of  a  q u a r t z  c e l l  5 cm i n  d iameter  and 60 cm long  which had 

S u p r a s c i l  en t r ance  and ex i t  windows. The e x i t  window was s e t  a t  Brewster ' s  

ang le  t o  prevent  t h e  beam from be ing  r e f l e c t e d  back through t h e  c e l l .  

The beam, a f t e r  pa s s ing  through t h e  c e l l ,  was dumped i n  a beam absorber  

s i m i l a r  t o  t h a t  de sc r ibed  i n  Tucker e t  a l .  48 The c e l l  was f i l l e d  w i th  

1 mm of NO2 and 1 atm of N F luorescence  from t h i s  sample was observed 
2 ' 

a t  r i g h t  ang le s  t o  t h e  beam d i r e c t i o n  by an RCA 7265 pho tomul t i p l i e r  l oca t ed  

a t  t h e  midpoint of t h e  qua r t z  c e l l .  A l i q u i d  f i l t e r  of Na C r  0  i n  
2 2 7  

d i s t i l l e d  water  (304 g l l i t e r )  was placed i n  f r o n t  of  t h e  photomul t ip l ie r  

t o  e l i m i n a t e  background a t  t h e  l a s e r  f requency.  Seve ra l  b a f f l e s  were 

i n s e r t e d  i n  t he  c e l l  t o  prevent  t h e  d e t e c t o r  from d i r e c t l y  viewing t h e  

windows of  t h e  c e l l .  

We have observed t h e  broad band f l uo re scence  a s  we tuned t h e  l a s e r  

over t h e  l i n e s  des igna ted  by A ,  B ,  and C i n  F igu re  5. Figure 10a shows 

t h e  behavior  of t h i s  f l uo re scence  a s  a  f u n c t i o n  of l a s e r  frequency and 

compares i t  w i t h  t he  v { e x c i t a t i o n  spectrum of 1 mm of NO i n  vacuum 
2 2 



L a s e r  frequency ( c m - I )  

XBL 7511~-9531 

Figure 10. a) Intensity of broad band fluorescence of 1 nun of NO2 in 1 atm 
of N2 as a function of laser frequency. b) Intensity of v2 fluorescence 
for 1 mm of NO2 as a function of laser frequency. 



shown i n  F igure  lob .  The f i g u r e  c l e a r l y  shows modulation of t h e  broad 

band f luorescence  a s  t h e  l a s e r  is  tuned over  t h e s e  sha rp  t r a n s i t i o n s .  

A background check wi th  t h e  c e l l  f i l l e d  w i th  1 atm of N gave a  s i g n a l  
2 

<1% of t h e  s i g n a l  shown i n  F igu re  10a.  The modulation which we have 

observed is l a r g e  enough t o  a l low one t o  use  i t  e a s i l y  t o  s e p a r a t e  

a e r o s o l  f luorescence  from t h a t  of NO i n  ambient a i r  provided t h a t  t h e  
2 

s i g n a l  from a e r o s o l s  i s  comparable t o  t h a t  from NO and t h e r e  i s  l i t t l e  
2 

a d d i t i o n a l  background i n  t h e  measuring appa ra tu s .  Gelbwachs and Birnbaum 
24  

have  shown t h a t ,  a t  l e a s t  f o r  some s p e c t r a l  r e g i o n s ,  t h e  ae roso l  fl-uores- 

cence  and t h a t  of NO a r e  comparable i n  i n t e n s i t y ,  and Tucker e t  a l .  
48 

2 

have ope ra t ed  an appa ra tu s  which h a s  very  low background f luorescence .  

Our measurements t h e r e f o r e  show t h a t  t h e  use  of  a  tunable  source  may 

a l l o w  measurement of bo th  a e r o s o l s  and NO s imul taneous ly  a t  ambient 
2 

l e v e l s  w i t h  no process ing  of  t h e  p o l l u t e d  a i r .  

Design of a  Simple and Inexpensive Analog Gate  - 

Pulsed l a s e r s  a r e  o f t e n  used a s  l i g h t  sou rces  f o r  Raman s c a t t e r i n g ,  

f l uo re scence ,  luminescence, and abso rp t ion  s t u d i e s .  Since t h e  du ty  cyc l e  

o f  t h e s e  sources  is  u s u a l l y  v e r y  poor ,  one would l i k e  t o  des ign  d e t e c t i o n  

e l e c t r o n i c s  which a r e  s e n s i t i v e  f o r  on ly  a  sma l l  t ime i n t e r v a l  around t h e  

l a s e r  p u l s e  i n  o rde r  t o  improve s i g n a l  t o  no i se .  For example, i f  one 

u se s  a  nitrogen-laser-pumped dye l a s e r ,  i t s  ou tpu t  might t y p i c a l l y  

c o n s i s t  of  5 nsec pu l se s  a t  a  r e p e t i t i o n  r a t e  of  10  Hz. The rise t imes  

of t y p i c a l  pho tomul t i p l i e r s  a r e  a  few nanoseconds; t h e r e f o r e ,  except a t  

very  low l i g h t  l e v e l s  (71 p h o t o e l e c t r o n / p u l s e ) ,  one cannot use photon 

coun t ing  techniques ,  s i n c e  t h e  pho toe l ec t ron  p u l s e s  w i l l ,  i n  g e n e r a l ,  



p i l e  up. It is  t h e r e f o r e  necessary  t o  i n t e g r a t e  t h e  charge from t h e  

pho tomul t i p l i e r .  I n  t h e  absence of a  g a t i n g  scheme, even a  low-noise, 

high-gain tube ,  such a s  a n  RCA 8575, c o n t r i b u t e s  a  background n o i s e  

4  equ iva l en t  t o  about  10  pho toe l ec t rons / s ec .  It is  apparent  t h a t  even a 

r a t h e r  slow g a t e  w i l l  improve t h i n g s  s i g n i f i c a n t l y .  For example, a  

10-psec g a t e  o p e r a t i n g  a t  1 0  Hz w i l l  reduce t h e  background l e v e l  t o  1 

pho toe l ec t ron / sec .  

We have designed and b u i l t  a  s imple and inexpensive analog g a t e  

which is  used i n  combination w i t h  an e l ec t rome te r  ope ra t i ng  a s  a  ra temeter .  

The output  of t h e  r a t eme te r  is  d isp layed  on a  c h a r t  recorder .  This  

d e t e c t i o n  scheme h a s  a  s e n s i t i v i t y  of b e t t e r  than 1 photoe lec t ron /sec  

3 
and a  l i n e a r i t y  of b e t t e r  t han  10% over  a  dynamic range of 10 . Also, 

s i n c e  t h e  e l e c t r o n i c s  a r e  charge s e n s i t i v e ,  t hey  a r e  r a t h e r  i n s e n s i t i v e  

t o  t h e  l a r g e  b u r s t  of r f  n o i s e  generated from t h e  pu lsed  l a s e r  source.  

A schematic of  t h e  g a t e  i s  shown i n  F igure  11. The inpu t  s i g n a l  is taken 

d i r e c t l y  from t h e  unterminated anode of a  pho tomul t i p l i e r  and t h e  ga t e  

ou tpu t  is  f ed  i n t o  an e l ec t rome te r .  The h e a r t  of  t h e  g a t e  is a  low 

leakage  S i l i c o n i x  2N4117A FET, which has  a  g a t e  r e v e r s e  cu r r en t  of 51 PA. 

When t h e  g a t e  is  i n  i ts  qu ie scen t  s t a t e ,  t h e  2N4117A is  nonconductive,  

wh i l e  t he  2N5461 FET conducts  any charge appear ing  on t h e  input  l i n e  t o  

ground. When a  g a t i n g  p u l s e  occurs  (0 t o  +5 TTL), t h e  74121 one-shot 

produces a  15-psec pu lse .  Th i s  pu l se ,  a f t e r  going through app rop r i a t e  

shaping  c i r c u i t r y ,  t u r n s  o f f  t h e  2N5461 FET and t u r n s  on t h e  2N4117A FET, 

s o  t h a t  charge can pas s  t o  t h e  e l ec t rome te r .  Unfor tuna te ly ,  the  ga t ing  

pu l se  is a l s o  c a p a c i t i v e l y  coupled t o  t h e  i npu t  l i n e ,  a l lowing some 

spu r ious  charge t o  reach  t h e  e l ec t rome te r .  W e  have been a b l e  t o  cancel  





t h i s  s p u r i o u s  s i g n a l  e f f e c t i v e l y  by c o n n e c t i n g  a 300-pF c a p a c i t o r  t o  

t h e  i n p u t  l i n e  and a p p l y i n g  a n  a d j u s t a b l e  v o l t a g e  p u l s e  t o  i t .  The ze ro  

o b t a i n e d  i n  t h i s  manner d r i f t s  s l o w l y  i n  t i m e .  With a g a i n  o f  l o 8  i n  t h e  

p h o t o m u l t i p l i e r ,  t h e  d r i f t ,  a t  t h e  end o f  1 h r ,  cor responds  t o  a  s p u r i o u s  

s i g n a l  of abou t  2  p h o t o e l e c t r c n s / s e c .  The d i o d e s  connected t o  t h e  i n p u t  

l i n e  s e r v e  t o  p r o t c c t  ;he 2N4117A FET from l a r g e  i n p u t  s i g n a l s .  

F i g u r e  1 2  shows a  t y p i c a l  r e s o n a n c e  Raman spec t rum of NO t aken  
2  

u s i n g  our  g a t e  and a n  E-H Research L a b o r a t o r i e s  model 215 e l e c t r o m e t e r .  

The e l e c t r o m e t e r  t ime  c o n s t a n t  w a s  1 s e c .  The laser used t o  o b t a i n  t h i s  

spectrum was a  nitrogen-laser-pumped dye l a s e r  w i t h  0 .2  mW of average  

power. The s c a t t e r e d  l i g h t  passed th rough  a  J a r r e l l - A s h  double  mono- 

chromator  and w a s  d e t e c t e d  by a n  RCA 8575 p h o t o m u l t i p l i e r  o p e r a t e d  a t  

2500 V.  The most i n t e n s e  l i n e  i n  t h e  spec t rum cor responds  t o  a  s i g n a l  

o f  abou t  100 p h o t o e l e c t r o n s / s e c  and t h e  background n o i s e  l e v e l  is about  

+2 p h o t o e l e c t r o n s / s e c .  T h i s  s c a n  t o o k  a b o u t  1 h r  t o  complete and d u r i n g  

i t s  c o u r s e ,  t h e  b a s e l i n e  s h i f t  was less t h a n  t h e  n o i s e  i n  t h e  s i g n a l .  

The s i g n a l  t o  n o i s e  i n  t h i s  spec t rum is  e x c e l l e n t ,  b u t  i t  can be improved 

f u r t h e r  by u s i n g  l a r g e r  t ime  c o n s t a n t s .  

Th i s  a n a l o g  g a t e  may b e  b u i l t  from p a r t s  c o s t i n g  approximately  $20.00. 

I t  h a s  e x c e l l e n t  s e n s i t i v i t y ,  good dynamic r a n g e ,  and o p e r a t e s  r e l i a b l y  

i n  a  h igh- r f -no i se  environment .  It  can b e  used f o r  any exper iment  w i t h  

pu l sed  l i g h t  s o u r c e s  i n  which one wants  t o  measure a  s m a l l  pu l sed  s i g n a l  

i n  t h e  p r e s e n c e  of a  l a r g e  dc p h o t o e l e c t r o n  background. 
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Figure 12. Resonance Raman spectrum of NO2 taken with our analog gate 
in combination with an E-H Research Laboratory Model 215 electrometer 
and an RCA 8575 photomultiplier operated at 2500 V. The time constant 
of the electrometer was 1 sec and the dye laser average power was 
0.2 mW. 



Appl i ca t i on  of Raman S c a t t e r i n g  t o  t h e  C h a r a c t e r i z a t i o n  of Atmospheric 

Aeroso l  P a r t i c l e s  

Airborne p a r t i c u l a t e s  p l ay  a  major r o l e  i n  t he  a i r  p o l l u t i o n  problem. 

They a r e  r e spons ib l e  f o r  a c i d  r a i n ,  reduced v i s i b i l i t y ,  and, i n  c e r t a i n  

s i z e  ranges,  a r e  depos i t ed  i n  t h e  l ungs  where they can cause a  v a r i e t y  of 

a d v e r s e  h e a l t h  e f f e c t s .  Cons iderab le  e f f o r t  ha s  been expended i n  t h e  

a n a l y s i s  of t h e s e  p a r t i c u l a t e s .  Such techniques  a s  wet chemistry,  X-ray 

f l u o r e s c e n c e ,  i n f r a r e d  spec t roscopy ,  and ESCA have been used r a t h e r  

e x t e n s i v e l y .  Yet t h e r e  are s t i l l  g r e a t  u n c e r t a i n t i e s  a s  t o  t h e  chemical 

form and o r i g i n  of many of  t h e  p a r t i c u l a t e  s p e c i e s .  I n  c o l l a b o r a t i o n  

w i t h  T. Novakov, H.R.  h a s  engaged i n  some pre l iminary  s t u d i e s  t o  explore  

t h e  f e a s i b i l i t y  of c h a r a c t e r i z i n g  p a r t i c u l a t e  p o l l u t a n t s  by means of Raman 

spec t roscopy .  We b e l i e v e  t h a t  t h i s  is  t h e  f i r s t  a t tempt  t o  apply t h i s  

s p e c t r o s c o p i c  technique i n  thi's a r e a  of  r e sea rch .  The samples s t u d i e d  

were ,  among o t h e r s ,  d i e s e l  exhaust  p a r t i c l e s ,  automobile exhaust p a r t i c l e s  

(unleaded f u e l ,  no c a t a l y t i c  c o n v e r t e r ) ,  and s e v e r a l  ambient a i r  samples. 

The s p e c t r a  from these  samples were compared t o  those  of  p o l y c r y s t a l l i n e  

g r a p h i t e  and a c t i v a t e d  carbon which were used a s  r e f e r ences .  Our r e s u l t s  

i n d i c a t e  t h a t  phys ica l  s t r u c t u r e s  s i m i l a r  t o  a c t i v a t e d  carbon a r e  a  major 

s p e c i e s  and may be  t he  dominant s p e c i e s  i n  bo th  source-enriched and 

ambient  samples. The imp l i ca t i ons  of  t h i s  observa t ion  could be  q u i t e  

impor t an t  i n  terms of atmospheric chemis t ry ,  h e a l t h  e f f e c t s ,  weather  

m o d i f i c a t i o n s ,  and the  e f f e c t s  of a e r o s o l s  on the  albedo.  

The experimental  s e tup  included a  Coherent Radiat ion argon i o n  

0 

l a s e r  o p e r a t i n g  wi th  1 W of power a t  5145 A. The l a s e r  beam was focused 

by a  75-mm f o c a l  length c y l i n d r i c a l  l e n s  t o  a  spo t  0.06 mm x 2 mm on t h e  



sample s u r f a c e ,  and t h e  b a c k s c a t t e r e d  r a d i a t i o n  was c o l l e c t e d  and imaged 

by a n  f / 3 . 4  l e n s  o n t o  t h e  sl i t  of  a J a r r e l l  Ashe double  monochrometer. 

The i n c i d e n t  p o l a r i z a t i o n  o f  t h e  l a s e r  was p e r p e n d i c u l a r  t o  t h e  s l i t  of 

t h e  s p e c t r o m e t e r ,  and no a n a l y s i s  o f  t h e  s c a t t e r e d  p o l a r i z a t i o n  was made. 

The o u t p u t  of t h e  s p e c t r o m e t e r  was d e t e c t e d  by a n  FW130 p h o t o m u l t i p l i e r  

coo led  t o  -20°C and used i n  a  photon-count ing mode. The photon p u l s e s ,  

a f t e r  a p p r o p r i a t e  p u l s e  s h a p i n g ,  were  coun ted  and d i s p l a y e d  on a  mul t i -  

channe l  a n a l y z e r .  I n  o r d e r  t o  minimize h e a t i n g  e f f e c t s ,  t h e  h i g h l y  

a b s o r b i n g  samples  used i n  t h e s e  exper iments  were  r o t a t e d  a t  1800 rpm by 

a  motor. I n  t h i s  way one  c a n  i n c r e a s e  t h e  a r e a  i l l u m i n a t e d  by t h e  l a s e r  

beam by a  l a r g e  f a c t o r  w i t h  a lmos t  no l o s s  i n  s i g n a l  l e v e l .  The f o c a l  

s p o t  of t h e  l a s e r  was l o c a t e d  approx imate ly  5 mm below t h e  a x i s  of r o t a t i o n  

s o  t h a t  t h e  e f f e c t i v e  i l l u m i n a t e d  a r e a  was a n  a n n u l u s  o f  r a d i u s  5 mm and 

L 
w i d t h  2 mrn which y i e l d e d  a r a t h e r  low power d e n s i t y  o f  %1.5 W/cm . 

The samples used i n  t h e s e  exper iments  were  EDM 3 grade  p o l y c r y s t a l l i n e  

g r a p h i t e  o b t a i n e d  from POCO G r a p h i t e ,  I n c . ,  NORIT A  a c t i v a t e d  carbon 

o b t a i n e d  from P f a n s t i e h l  Labs,  d i e s e l  e x h a u s t  c o l l e c t e d  on a  g l a s s  f i b e r  

f i l t e r ,  automobi le  exhaus t  c o l l e c t e d  on a  g l a s s  f i b e r  f i l t e r  from a  number 

of c o l d  s t a r t s  o f  a p o o r l y  tuned 1974 P i n t o ,  and a n  ambient sample c o l l e c t e d  

i n  1975 a s  p a r t  o f  EPA's RAPS program i n  S t .  L o u i s ,  Missour i .  The l a t t e r  

sample was c o l l e c t e d  on a 1.2-u m i l l i p o r e  f i l t e r  u s i n g  a  dichotomous 

sampler49 and was i n  t h e  s m a l l  s i z e  r a n g e  f r a c t i o n .  The d i e s e l  and c a r  

exhaus t  samples were removed from t h e  f i l t e r  and t r a n s f e r r e d  t o  a n  aluminum 

F l a t .  T h i s  t e c h n i q u e  a l lowed one t o  o b t a i n  e x c e l l e n t  Raman s p e c t r a  of t h e  

p a r t i c u l a t e s  w i t h o u t  i n t e r f e r e n c e  from t h e  l a r g e  f l u o r e s c e n c e  of t h e  fi.1 t e r  

m a t e r i a l .  T h i s  t e c h n i q u e  cou ld  n o t  b e  a p p l i e d  t o  t h e  ambient sample 



because of  i n s u f f i c i e n t  l oad ing ,  and t h e r e f o r e  i n  t h i s  ca se  t h e  Raman 

spectrum was ob ta ined  d i r e c t l y  from t h e  p a r t i c l e s  on t h e  m i l l i p o r e  f i l t e r  

s u b s t r a t e .  

I n  F igure  1 3  we show t h e  Raman spectrum obta ined  from automobile 

exhaust .  S i m i l a r  s p e c t r a  were observed f o r  d i e s e l  exhaus t ,  a c t i v a t e d  

carbon,  and p o l y c r y s t a l l i n e  g r a p h i t e  w i th  t h e  dominant f e a t u r e s  of t he  

- 1 spectrum occu r r ing  between 1200-1700 cm . For p o l y c r y s t a l l i n e  g r a p h i t e  

a  s t r o n g  l i n e  i s  a l s o  observed a t  %2700 cm-I which we a s s o c i a t e  wi th  a  

C-H v i b r a t i o n .  I n  t h e  ambient sample, where t h e  s i g n a l  t o  n o i s e  i s  

s e v e r e l y  l i m i t e d  by t h e  l a r g e  f luorescence  background, t h e  on ly  l i n e s  

t h a t  were c l e a r l y  seen  above t h e  n o i s e  l e v e l  were a l s o  i n  t h e  1200-1700 

- 1 
cm s p e c t r a l  reg ion .  I n  F igu re  14  we show t h e  Raman spectrum f o r  t he  

v a r i o u s  samples i n  t h i s  r eg ion .  

Koenig e t  a1.50 have measured t h e  Raman spectrum of a  s i n g l e  c r y s t a l  

of g r a p h i t e  a s  w e l l  as t h a t  of p o l y c r y s t a l l i n e  g r a p h i t e  and a c t i v a t e d  

-1 
carbon. I n  a  s i n g l e  c r y s t a l  on ly  t h e  Raman mode n e a r  1600 cm i s  

observed,  and from a  group t h e o r e t i c a l  a n a l y s i s ,  i t  has  been ass igned  t o  

-1 
t h e  k = 0  E phonons of t h e  g r a p h i t e  l a t t i c e .  The mode near  1350 cm 

2  g  

appears  only i n  samples which a r e  no t  p e r f e c t l y  ordered ,  and i t s  i n t e n s i t y  

- 1 
r e l a t i v e  t o  t h e  one n e a r  1600 cm v a r i e s  i n v e r s e l y  w i t h  t h e  c r y s t a l l i t e  

s i z e ,  L a s  ob ta ined  from X-ray d a t a .  More r e c e n t l y ,  So l in  e t  a l .  
5  1 

a  ' 
have shown t h a t  t h i s  r a t i o  tends  t o  s a t u r a t e  f o r  c r y s t a l l i t e  s i z e s  l e s s  

than 40 A .  The i d e n t i f i c a t i o n  of t h e  1350 cm-I mode i s  u n c e r t a i n ,  but  

Koenig et a l .  sugges t  t h a t  i t  may be  due t o  an A phonon which i s  
l g  

normally Raman i n a c t i v e  bu t  i s  a c t i v e  i n  t h i s  case  due t o  a  breakdown of 

t h e  k s e l e c t i o n  r u l e s  by t h e  smal l  c r y s t a l l i t e s  i n  t h e  sample. 





Figure  14.  Raman s p e c t r a  
between 1200 and 1700 cm-' 
o f :  
a )  Ambient sample c o l l e c t e d  

i n  1975 a s  p a r t  of  EPA's 
RAPS program. The sample 
was c o l l e c t e d  on a 
dichotomous sampler and 
was i n  t h e  smal l  s i z e  range  
f r a c t i o n .  

b)  Automobile exhaust  
c o l l e c t e d  from a number 
of co ld  s t a r t s  of a 
poor ly  tuned 1974 
P i n t o  us ing  l ead - f r ee  
gas and having no 
c a t a l y t i c  conve r t e r .  

c )  Diesel exhaust .  
d) Act iva ted  carbon. 
e )  P o l y c r y s t a l l i n e  

g raph i t e .  
The s l i t  wid th  f o r  samples 
b-e was 3 A; whi le  f o r  
sample a ,  7-1 s l i t  were 
used t o  improve s i g n a l  
t o  no ise .  

Frequency sh i f t  (cm-I )  
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It i s  ev iden t  from Figure  14  t h a t  t h e  s p e c t r a  of a c t i v a t e d  carbon,  

d i e s e l  exhaus t ,  automobile exhaus t ,  and t h e  ambient sample a r e  very 

s i m i l a r .  The p o s i t i o n s  of t h e  two Raman modes i n  t h e s e  s p e c t r a  a r e  

- 1 
co inc iden t  t o  w i t h i n  t 1 0  cm which i s  t h e  es t imated  experimental e r r o r .  

S ince  t h e  phonon f r equenc i e s  a r e  a  s e n s i t i v e  probe of t h e  l a t t i c e ,  we 

sugges t  t h a t  t h e s e  s p e c t r a  g ive  s t r o n g  evidence f o r  t h e  e x i s t e n c e  of 

p h y s i c a l  s t r u c t u r e s  s i m i l a r  t o  a c t i v a t e d  carbon i n  t h e  samples w e  have 

s t u d i e d .  This  is  no t  s u r p r i s i n g  s i n c e  a c t i v a t e d  carbon i s  a l s o  produced 

i n  a  combustion process .  

Using t h e  a v a i l a b l e  r e s u l t s  from t h e  l i t e r a t ~ r e , ~ '  we can e s t i m a t e  

t h e  c r y s t a l l i t e  s i z e s  i n  t h e  v a r i o u s  samples from t h e  i n t e n s i t y  r a t i o s  

of t h e  two observed Raman modes. The automobile exhaust  and d i e s e l  

exhaus t  samples have roughly t h e  same peak i n t e n s i t y  r a t i o ,  y i e l d i n g  

0 

c r y s t a l l i t e s  of  -50 A i n  s i z e ,  w h i l e  t h e  ambient sample appears  t o  have 

c r y s t a l l i t e  s i z e s  of -100 1. We would expec t  such s t r u c t u r e s  t o  have very 

l a r g e  i n t e r n a l  s u r f a c e  a r e a .  

Novakov e t  have r e c e n t l y  proposed t h a t  f i n e  s o o t  p a r t i c l e s ,  

which i n  many ways are s i m i l a r  t o  a c t i v a t e d  carbon, may p l a y  a  major r o l e  

i n  a tmospheric  chemistry.  I n  o r d e r  t o  a s s e s s  t h e  importance of t h e  proposed 

soot -ca ta lyzed  r e a c t i o n s ,  i t  i s  impor tan t  t o  determine t h e  chemical ly  

a c t i v e  primary carbon i n  t h e  carbonaceous f r a c t i o n  of ambient and source- 

enr iched  a e r o s o l  p a r t i c l e s .  Our r e s u l t s  i n d i c a t e  t h a t  phys i ca l  s t r u c t u r e s  

s i n i i  l a r  t o  a c t i v a t e d  carbon a re  p r e s e n t  i n  d i e s e l  exhaus t ,  automobile 

exhaus t ,  and ambient samples. T h e  f a c t  t h a t  these  f e a t u r e s  tend t o  dominate 

t h e  Raman spectrum may i n d i c a t e  t h a t  g r a p h i t i c  "soot" i s  t h e  primary 

s p e c i e s  i n  t h e  samples we have measured. However, t h e  l a r g e  i n t e n s i t y  i n  
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t h e s e  modes may be due j u s t  t o  t h e i r  l a r g e  Raman c r o s s  s e c t i o n ,  and 

t h e r e f o r e  a  q u a n t i t a t i v e  i n t e r p r e t a t i o n  of  t h e s e  r e s u l t s  w i l l  have t o  

awai t  a  more d e t a i l e d  a n a l y s i s .  Such a n  a n a l y s i s  w i l l  have t o  i nc lude  

measurements of  t h e  Raman c r o s s  s e c t i o n ,  o p t i c a l  abso rp t ion  c r o s s  s e c t i o n ,  

and take  i n t o  account t h e  l i t t l e - u n d e r s t o o d  p a r t i c l e  s i z e  e f f e c t s .  



SUMMARY 

Although our  main conc lus ions  a r e  conta ined  i n  Sec t ion  I ,  we f e l t  

i t  would b e  u s e f u l  t o  p r e s e n t  a f u r t h e r  q u a l i t a t i v e  d e s c r i p t i o n  of t h e  

consequences of our  s tudy .  

The model c a l c u l a t i o n s  desc r ibed  i n  Sec t ion  I imply t h a t  a  L idar  

system based on t h e  resonance  Raman e f f e c t  and cons t r a ined  by s t r i c t  eye 

s a f e t y  s t anda rds  o f f e r s  l i t t l e  hope f o r  ambient monitor ing of  gaseous 

p o l l u t a n t s  a t  d i s t a n c e s  of  t h e  o r d e r  of one k i lome te r .  I f  t h e  s a f e t y  

s t anda rds  could be  exceeded by a  f a c t o r  of lo3 ( f o r  example, b y  us ing  

r a d a r  t o  i n s u r e  t h a t  n o l a i r c r a f t  w e r e  i n  t h e  f i e l d  of  view),  then t h i s  

conclusion would warran t  r e e v a l u a t i o n .  There would s t i l l  be  t h e  techno- 

l o g i c a l  problem of making a  t u n a b l e  l a s e r  t h a t  g i v e s  s h o r t  p u l s e s  but  

ha s  an average  power approaching 1 0  W i n  t h e  UV. Nighttime monitor ing 

should be  e a s i e r  than daytime monitor ing f o r  c a s e s  i n  which wavelengths 

longer  than  3000 1 a r e  involved .  F igure  1 i n d i c a t e s  t h e  e x t e n t  of t h e  

d i f f e r e n c e .  

For smoke s t a c k  mon i to r ing  a t  d i s t a n c e s  of  s e v e r a l  hundred meters  

t h i s  method looks  compe t i t i ve  w i t h  o t h e r  techniques  (ord inary  Raman 

s c a t t e r i n g  and d i f f e r e n t i a l  abso rp t ion ) .  The s e n s i t i v i t y  and s e l e c t i v i t y  

o f f e r e d  by resonance Raman s c a t t e r i n g  a r e  s u f f i c i e n t l y  s u p e r i o r  t o  

m i t i g a t e  t h e  t echno log ica l  problems of implementing t h e  scheme. 

One gene ra l  po in t  which becomes c l e a r  from our  s t u d i e s  of molecular 

spectroscopy i s  t h a t  i t  is  d i f f i c u l t  t o  make a p r i o r i  r u l e s  f o r  t he  

s e n s i t i v i t y  of t h i s  t e chn ique  f o r  va r ious  k inds  of  molecules.  One needs 



s p e c i f i c  spec t ro scop ic  in format ion  i n  o rde r  t o  make a reasonable  ca lcu la -  

t i o n .  This  in format ion  i s  only  a v a i l a b l e  f o r  a l i m i t e d  number of molecules. 

Our c o n s i d e r a t i o n  of d ia tomic  molecules i n d i c a t e s  t h a t  f o r  e x c i t a t i o n  i n  

a convenient  r eg ion  of t h e  spectrum t h e  c r o s s  s e c t i o n s  vary by 11 orde r s  

of magnitude; t h e r e f o r e ,  t h e  d e t e c t i o n  s e n s i t i v i t i e s  vary by a comparable 

amount, and a d e c i s i o n  a s  t o  whether resonance Raman s c a t t e r i n g  is a 

p r a c t i c a l  t o o l  f o r  monitor ing a given molecule must be  made on a case-by- 

c a s e  b a s i s .  It seems q u a l i t a t i v e l y  reasonable  t h a t  more complicated 

molecules w i l l  g e n e r a l l y  have sma l l e r  c r o s s  s e c t i o n s ,  b u t ,  a s  Table  I 

shows, t h a t  r u l e  is  t o o  s i m p l i s t i c .  

For l a b o r a t o r y  d e t e c t i o n  of t r a c e  p o l l u t a n t s ,  where d i s c r imina t ion  

a g a i n s t  t h e  sky l i g h t  background i s  n o t  a problem, t h e  pre l iminary  work 

we have done us ing  modulated broad band f l uo re scence  i n  NO looks  promising. 
2 

Thi s  technique  involves  t un ing  a l a s e r  over  c h a r a c t e r i s t i c  sharp  absorp- 

t i o n  l i n e s  of t h e  molecule and monitor ing t h e  broad band f luorescence .  

The change, o r  modulation, i n  i n t e n s i t y  of  t h i s  f luorescence  w i t h  changing 

Laser frequency a l lows  one t o  i d e n t i f y  t h e  molecule and determine i ts  

concen t r a t i on .  Because one measures a s c a t t e r e d  s i g n a l  r a t h e r  than  a 

sma l l  change i n  a l a r g e  t r ansmi t t ed  s i g n a l ,  t h i s  technique seems t o  o f f e r  

an a t t r a c t i v e  a l t e r n a t i v e  t o  abso rp t ion  spectroscopy.  Since t h e  use of 

modulation a l lows  one t o  d i s t i n g u i s h  one f l u o r e s c i n g  spec i e s  i n  t he ' p r e sence  

of o t h e r s ,  one need no t  p rocess  t h e  a i r  t o  remove i n t e r f e r e n c e  from com- 

p e t i n g  f l u o r e s c e n t  sources , such  a s  p a r t i c u l a t e s .  Thus t h i s  technique 

seems t o  o f f e r  t h e  oppor tun i ty  of avoid ing  any chemical changes t h a t  might 

occur  a s  a r e s u l t  of a f i l t e r i n g  process  on a i r  samples. 
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F i n a l l y ,  i t  seems t o  u s  t h a t  wh i l e  t u n a b l e  l a s e r s  do not  2$f6fp the  

r e q u i s i t e  s e n s i t i v i t y  f o r  remote ambient moni tor ing ,  they do off6kLdon- 

s i d e r a b l e  promise f o r  making i n  s i t u  measurements of  ambient sambl'&.'. -- 

The importance of such measurements should b e  emphasized s i n c e  t h d r e  is 

some u n c e r t a i n t y  a s  t o  whether monitors  which r e l y  on f i l t e r i n g  andtk  

process ing  of a  sample du r ing  i t s  c o l l e c t i o n  do n o t  s u f f e r  from b i a & .  
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