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Resonance Raman Scattering and Collision-Induced Redistribution Scattering in 1, 

D. L. Rousseau and G. D. Patterson 
Bell Labomtorz'es, Murmy Hill, New Jersey 07974 

and 

P. F. Williams 
Department of Physics,  University of Puerto Rico, Rio P iedms ,  Puerto Rico 00931, and 

Bell Laboratories, Murmy Hill, New Jersey 07974 
(Received 31 March 1975) 

We report the first experimental observation of broad-banded re-emission resulting 
from quasi-elastic collisional transfer processes. The data may be interpreted by the 
general theory of scattering of monochromatic light in gases. The connection between 
this theory and one derived for solids is discussed. 

Resonance scattering of monochromatic light 
from gases has been relatively well understood 
theoreticaily for many years although severa1 as- 
pects of the theories have not been confirmed ex- 
perimentally. According to the general theoriesl" 
under appropriate conditions there should be two 
contributions to resonance and near-resonance 
light scattering. For the f i rs t  contribution the 
re-emitted light appears a t  the frequency of the 
excitation energy and the linewidth of the re-emit- 
ted light is limited only by the linewidth of the in- 
cident excitation (Heitler phen~menon).~ The sec- 
ond contribution to the scattering results from a 
redistribution term in which, through an excited- 
state collisional relaxation process, the re-emit- 
ted light appears a t  the natural frequency of the 
oscillator, independent of the excitation frequen- 
cy. In addition it displays the full width of the ex- 
cited state involved. This Letter reports the 

I 

f i rs t  experimental observation of this collisional- 
ly induced broad-banded re-emission in high- 
resolution spectral measurements, and the ob- 
servation of its temporal behavior in time-decay 
measurements. These measurements were made 
on the Raman-shifted re-emitted light where com- 
plications due to scattering of unwanted spurious 
incident light a r e  greatly reduced, 

The theory of re-emission of light following 
monochromatic excitation has been derived by 
Hube? and by Omont, Smith, and Cooper.' The 
collisional processes were treated in the impact 
approximation, and although the calculations ap- 
ply only to Rayleigh scattering, the results a r e  
readily extended to Raman scattering. The ener- 
gy levels for this process a r e  depicted in Fig. 1. 
Here we a r e  considering a Raman transition from 
g to f via intermediate state i. With neglect of 
Doppler broadening the differential scattering 
cross  section is @ven by1" 

The intermediate-state linewidth consists of 
three Lorentzian contributions: y ,  corresponds 
to the natural radiative lifetime; y, is the broad- 
ening resulting from a shorter lifetime caused 
by inelastic collisions, Le., those collisions in 
which the molecule i s  knocked into a different 
quantum state; and y, is the contribution from 
quasi-elastic collisions, i.e., those collisions in 
which the phase of the oscillator is  interrupted 
but i t  remains in the same quantum state. 

In h e  limit of a very low-pressure gas y ,  and 
y, a r e  zero so  that the second term in the curly 
brackets in Eq. (1) vanishes. In this low-pres- 
sure  limit, and where only one intermediate state 

I is contributing to the scattering amplitude, the 
f i rs t  term in Eq. (1) fully characterizes the light 
scattering. There is a phase memory between 
the incident and scattered radiation, and for an 
individual molecule the scattering process is co- 
herent regardless of whether or  not the incident 
frequency coincides with the center frequency of 
the transition, When the incident frequency is 
moved away from resonance the intensity of the 
scattered light varies in a Lorentzian manner a s  
defined by Eq. (1). Therefore under these condi- 
tions one may not legitimately classify the re- 
emission resulting from on- and off-resonance 
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FIG. 1, Schematic three-leve1 energy diagram. u ig, 

w i f ,  and wfg a r e  the designated transition energies be- 
tween the ground, g ,  intermediate, i ,  and final, f ,  
states. u, and m, a r e  the incident and scattered pho- 
tons, respectively . 

excitation as being the product of two physically 
distinct processes. Attempts so  to classify the 
on- and off -resonante scattering a s  resonance 
fluorescente and resonance Raman scattering, 
respectively, a r e  artificial and misleading. For 
this reason we consistently label al1 the scatter- 
ing resulting from the first term in Eq, (1) as 
Raman scattering (resonance Raman scattering 
for exact resonance). 

As the gas pressure is increased, the second 
term in the curly brackets in Eq. (1) becomes 
important. This term represents a physically 
distinguishable process, resulting from a distur- 
bance in the excited state such that the phase is 
randomized. In contrast to the Raman term this 
term corresponds to independent absorption and 
emission processes. The emission resulting 
from the second term in Eq. (1) is redistributed 
over the full width of the pressure-broadened ex- 
cited state, is centered a t  the resonant energy in- 
dependent of excitation energy, and has a lifetime 
l/(y, + Y ~ ) .  Obviously this may occur only if the 
line-broadening mechanism includes a relaxation 
process which can take up or  remove energy, in 
gases this occurs through quasi-elastic collision- 
al broadening where during a collision the phase 
of the oscillator is interrupted but the molecule 
remains in the same quantum state. Because 
this term results in a redistribution of the inci- 
dent energy, to maintain generality we shall re-  
fer  to it a s  the redistribution term. We empha- 
s ize that the redistribution scattering requires 
the presence of some excited-state relaxation 
process. In the absence of such a process only 
the Raman scattering remains, even for exactly 
resonant excitation. Simple energy-conservation 
arguments then require the re-emission line- 
width to be independent of the excited-state line- 
width. 

We have made lifetime and spectral measqre- 
ments of both of the contribution. of Eq. (1) i n  the 

O 0.5 
TIME 

FIG. 2.  Time response of 214-cm-' Stokes re-emis- 
sion a t  0.25 T o r r  and 0.03 T o r r  of 12. The excitation 
pulse was 100 nsec long, and shifted from exact reso- 
nance by N l .7 GHz. 

re-emission from molecular iodine with 5145- 
A excitation. in the 5145-A excitation region the 
iodine Raman re-emission, shifted by about 214 
cm'', has a triplet structure (O, Q, and S branch- 
es)  because of the simultaneous excitation of two 
transitions [ ~ ( 1 3 )  and R (1 5)1.4 Measurements 
were made on and off resonance with these transi- 
tions by varying the frequency of the single-mode 
argon-ion laser  over i t s  Doppler-gain band. 

The lifetime measurements were made by a de- 
layed-coincidence technique on an apparatus de- 
scribed p r e v i ~ u s l y , ~ ' ~  The scattered light was 
dispersed by passing it through a double-grating 
spectrometer se t  to observe the overlapping Q- 
branch emission from the P(13) and R(15) transi- 
tions, 

in F'ig. 2, we present the time-decay data ob- 
tained a t  two different I, pressures. Each spec- 
trum was obtained with 100-nsec-duration excita- 
tion about 1.7 GHz away from the maximum of 
the resonant transitions. The measurements 
were made off resonance, where the time re -  
sponse of the Raman contribution follows the la- 
s e r  pulse: since on resonance each of the con- 
tributions in Eq. (1) have the same lifetime. At 
0.25 Torr  of I, there a r e  two prominent compo- 
nents to the scattering. One has a fast r i s e  and 
decay (it follows the excitation pulse) and there- 
fore results from the Raman contribution to the 
scattering. The other contribution has an expo- 
nential r i se  and decay and we attribute it to the 
redistribution term. It has a lifetime of about 
300 nsec, substantially shorter than the natural 
lifetime (about 2 psec) a s  expected since at these 
pressures the lifetime is  given by l/(-y, +y,). 

As the 1, pressure i s  lowered y, decreases s o  
that the intensity of the redistribution term rela- 
tive to that of the Raman term also decreases. 
Consequently, a s  seen in Fig. 2 a t  0.03 Torr  of 
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I,, the long-lived contribution is greatly reduced 
with respect to the short-lived component. The 
lifetime for the slow component is longer than 
that of the redistribution term a t  the higher pres- 
sure  although not a s  long a s  expected on the ba- 
sis of the natural lifetime because of the spatial 
resolution imposed by the narrow spectrometer 
slits used in the experiment. 

> 
High-resolution spectral measurements were r: 

U) 

made by directing the scattered light through an z 
Lo 

interference filter centered at the Stokes frequen- 5 

cy shift (- 214 cm-') and into a piezoelectrically 
scanned Fabry-Perot interferometer with a 10- 
GHz free spectral range. The measurements 
were made in a near-forward-scattering geome- 
try to reduce the effects of Doppler broadening? 
and, a s  in the lifetime measurements, the excita- 
tion frequency was shifted 1.7 GHz away from the 
center of the resonant transitions. The resulting 
spectrum is depicted by the points in Flg. 3,  The 
sharp features in the spectrum result from Ra- 
man scattering from the S,  Q, and O branches 
(in different orders of the interferometer) and 
the laser  line which leaked through the narrow- 
band filter. We attribute the broad underlying 
structure to redistribution scattering. 

The solid curve in Fig. 3 is a calculation of the 
spectrum obtained in the following manner. The 
frequencies of the sharp S, Q, and O Raman lines 
were fitted to coincide with the experimental f re-  
quencies and were assigned the expected 1:2:1 
relative-intensity ratios. Shifted 1.7 GHz away 
from each of the sharp Raman lines a redistribu- 
tion band is located. Its shape was determined 
from the second term in Eq. (1) and i ts  intensity 
corrected for an accidental absorption a t  the Q- 
branch resonance frequency. The resulting spec- 
trum was then folded into a Lorentzian interfer- 
ometer-response function and a best f i t  to the 
data was obtained by adjusting the relative inten- 
sity of the total Raman contribution to the total 
redistribution contribution. The redistribution 
contribution to the total intensity after convolu- 
tion with the slit function is depicted by the dashed 
curve in Flg. 3. We found that the redistribution 
term had an integrated intensity of about 0.8 that 
of the Raman contribution. We believe that the , 

4 GHZ 
C--l 

FREQUENCY 

FIG. 3 .  High-resolution frequency spectrum of 214- 
cm-' Stokes re-emisslon of 1, obtained with 1.7-GHz 
off-resonance excitation. S', Q', and 0' correspond 
to the positions of the rotational branches obtained with 
resonant excitation. The points a r e  the experimental 
data. The solid line is a theoretical curve, and the 
dashed line is the redistribution-scattering contribution. 
The b a r s  at  the bottom indicate the 1.7-GHz shift be- 
tween each Raman-redistribution pair.  

minor remaining discrepancies between the ob- 
served and the calculated spectra result primar- 
ily from additional low-intensity bands resulting 
from inelastic collisional transfer p r o c e ~ s e s . ~  

It should be noted that in solids similar ques- 
tions concerning the equivalence of and distinc- 
tion between resonance Raman scattering and hot 
luminescence (absorption followed by lumines- 
cence) have ariseng*l0 and theoretical results 
equivalent to those presented here have been de- 
rived by Shen.lo In his density-matrix derivation, 
Shenlo has accounted for the relaxation of the 
system by including a completely general damp- 
ing term. With use of Eqs. (3)  and (6) of Ref. 10 
the cross  section for the total steady-state scat- 
tering may be written in a form similar to Eq. 
(1 )  as  follows: 

d 2 0  w ~ w ~ ~ ( ~ (  P . A ( i ) j 2 ( ( i l  -- rra [ 2r ic  T~ - 11 ri 
dw, d a  A ~ ? ~ c ~ L ( w ,  - w + ~ ) ~  + ri;J (uz - wS - afg  )' + rfg 2 + (us - uif l2 + rif 

Here the T's correspond to the linewidths for the transitions indicated in Fig. 1, and Ti  is the lifetime 
of state i. When the relaxation is dominated by lifetime broadening 2ri, Ti  equals 1 and the second 
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t e rm in the curly braces vanishes, leaving only 
the f i rs t .  Because Shen1° has included a finite 
ground-state linewidth, this term i s  represented 
by the line-shape function with finite width rather 
than the 6 function. This term then corresponds 
to a Raman re-emission just a s  does the first  
t e rm in Eq. (1). If the relaxation mechanism i s  
not limited to lifetime broadening and the excited 
state i s  randomized by the broadening mecha- 
nism, then 2r, ,  T ,  i s  not equal to 1 and re-emis- 
sion obeying the second term in curly braces in 
Eq. (2)  may take place. In analogy to the gas- 
phase case and a s  pointed out by Shen,lo scatter- 
ing (hot luminescence) by this mechanism may 
be broad since its width i s  dependent on the width 
of the excited state and it is of course a physical- 
ly distinguishable process. Observation of both 
te rms  to the scattering have been seen'' in CdS 
where resonance Raman scattering and lumines- 

cence from bound excitons occur simultaneously. 
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K-Shell Fluorescence Yield of Multiply Ionized Ne 

Mau Hsiung Chen and Bernd Crasemann 
Department of Physics, Univevsity of Ovegon, Eugene, Oregan 97403* 

and 

Dennis L. Matthews 
Lawrence L i vemove  Lahovatory, Liverrnove, Califomia 945507 

(Received 24 March 1975) 

The K fluorescence yields wf of Ne ions with 0-6 L-shell vacancies  (charge s t a t e s  K L ' )  
have been calculated by computing t e r m  t rans i t ion r a t e s  f o r  init ial  multiplet  s t a t e s  and 
s ta t i s t ica l ly  averaging individual multiplet  f luorescence yields. We find w ' = 0.0159, 
0.0176, 0.0199, 0.0248, 0.0390, 0.0862, and 0.229 f o r  i = O ,  ..., 6. Existing measuremen t s  
a r e  cr i t ica l ly  reviewed and found t o  ag ree  with p resen t  theoret ica l  r e su l t s  once p rope r  
account is taken of the 4~ ( K L ~ )  intensity contained in the K L ~  x-ray peak. 

In this Letter we report results of a new calcu- tion i s  
lation of the K-shell fluorescence yields of Ne in 
the presence of i L-shell vacancies (charge G(n) = C C,(LS)w (LS, n) , 

L, S 
(2 

states KL' , i = 0, . . . ,6)  and make comparison 
with recent measurements. Term transition where the C,(LS) a r e  the population probabilities 

rates were computedl* and fluorescence yields of multiplet states LS in the configuration n. If 
were calculated for the individual multiplets LS the multiplets a r e  populated statistically, we 
that ar ise  in a configuration n: have 

r, (LS, n) 
w(LS, n) = rR (LS, n) + FA (LS, n) ' 

Here, rR is  the radiative width and rA, the ra- x i  ( 2 ~ +  1 ) ( 2 ~ +  1)I- l .  (3) 
L ,  S diationless width of the state. 

The effective fluorescence yield of a configura- The effective fluorescence yield of a charge state 
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