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ABSTRACT 

I" the presence of intense laser beams, the normally weak raman 

and brillcuin scattering from materials can become stimulated. The cus¬ 

tomary theory predicts that the intensity of the scattered stokes wave 

grows exponentially with distance at fixed laser power. This report pre¬ 

sents the results of numerical calculations of the gain factor for the 

important scattering mechanisms in several diatomic gases as functions of 

temperature and pressure. Competition and transitions between various 

stimulated processes are predicted as functions of pressure and tempera¬ 

ture. 

Some experimental data is presented to indicate that it is in 

general agreement with the simple theory. The experimental verification 

cf the crossing over between processes and indications of the competition 

near the crossover are also presented. _ 
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I. INTRODUCTION 

The following report consists of the numerical evaluation of 

quantities needed to predict the threshold requirements for stimulated 

r 3tna.i (srs) ar.d brillouin scattering (sbs) in several homonuclear diatomic 

gases as a fonction of gas pressure and temperature. Pertinent data are 

compiled from spectroscopic and thermodynamic studies and are included in 

th“ report. The spatial rate of gain of the stokes radiation for several 

strong ramar lines and the brillouin line are calculated incorporating the 

population distributions and transition linewldths for srs and the actual 

ccmpressibilito.es, viscosities and densities for sbs. Hie Interactions are 

idealized by assuming plane wave solutions, a single undepleted monochro¬ 

matic laser beam, and steady state conditions. Experimentally, deviations 

from the above idealizations are universally present and can have a major 

Influence on details of the interactions. Non-ideal laser properties,^" 

transient conditions, self-induced filamentation, competition between 

several processes, and marry other effects are being considered by other 

workers, and car; lead to orders of magnitude change from the simplified 

model. Thus it is intended that this report will simply serve to indicate 

trends and magnitudes of effects. Comparison with existing data will be 

included wherever available to indicate the degree of agreement. 

The raman calculatiers are based on a model of inelastic scatter¬ 

ing cf light from individual molecules whose motions are perturbed by cclli- 

si‘ns with neighboring molecules. Consideration of the molecular motions 

leads t._ doppler broadening, motional narrowing, and pressure broadening. 

At high, particle density, a transition must be made to a model which 



includes correlations and coupling between adjacent molecules. At very 

high density an optical phonon band model would be more appropriate. 

Calculations of stimulated brillouin sea ;tering are made following the 

procedure outlined in reference (5) which assumes a continuous media and 

c 
the validity of the classical Wavier-Stokes equations. The theory reduces 

7 
to the normal mode formulism at high pressures, but deviates at low pres¬ 

sures when the mean free path exceeds the acoustic wavelength. 

II. THECRY 

Stimulated raman and brillouin scattering involves the interac¬ 

tion of intense optical beams with excitation waves in transparent materials. 

To properly describe these interactions, a detailed knowledge of the wave 

properties are needed. Although there is a tendency to relate the raman 

and brillouin waves to the optical and acoustic branches of the vibrational 

waves which occur in crystalline materials, the assignment fails in the gas 

phase, particularly at low pressures. The study of scattering in the gas 

phase thus offers an interesting opportunity to investigate inter-molecular 

effects as a function of particle density. 

8 
The customary derivation of stimulated scattering involves a 

model in which a single pair of monochromatic EM plane waves are coupled 

to one resonant molecular wave. Under steady state conditions, the inter¬ 

action can be described in terms of a nonlinear electric polarizability, 

resonant and third order in the electric field strength.9 In this formulism, 

it can be treated systematically along with other third order effects (i.e., 

two photon absorption, intensity dependent index, etc.). The induced dipole 

moment at the stokes frequency due to a strong laser field propagating in 
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the z direction can be written as 

ik z 
P((i)g)e s * X 

ik z 
s 

(1) 

where for simplicity, the polarizations of the fields are assumed parallel 

sc that the symmetric susceptibility tensor takes on a scalar value. The 

interaction must conserve energy and momentum requiring that the frequen¬ 

cies and wave vectors for the laser, stokes, and molecular waves satisfy 

The susceptibility x is complex and contains both a resonant 

and a ncn-resonant part. The non-resonant term results from two photon 

absorptions at other frequencies and exhibits little dispersion in the 

region of interest. The resonant term is due to the interaction with the 

molecular wave end is characterized by a line strength and a linewidth. 

A number of such resonant terms occur due to the multiplicity of raman 

transitions. If these lines are resolvable under normal (spontaneous 

raman) spectroscopy, the influence of these nearby but weaker lines on 

the stimulation of the strongest line is small. Under conditions where 

line broadening causes the lines to overlap, one should in principle sum 

their complex polarizabilities. This applies in the case of the low J 

levels in the Q branch of Ca and Na at high pressures. For purposes of 

the report, problems of this nature will not be considered, and only resolv¬ 

able transitions will be considered. 

For the strong interactions of interest here, the resonant con¬ 

tribution (xr) will dominate the ncn-resonant part and will be purely 

imaginary exactly on resonance. Writing the stokes waves as f(z,t) * 

E(z) exp [-i(«»at - Kg*)] the linearized growth of its amplitude can be 
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written^ 

dE(u ) 2Ttk -k z 2t* 

dz * i‘7~ = "7^ Ixr| E(«^)E*(i^)E(i«8) 
S g 

from which 

S(V * eXP(ZA) • 

(2) 

(3) 

Thus the amplitude of the stokes wave grows exponentially as z/l, and the 

power grows as 2z/l. By removing the laser intensity a normalized gain 

t?ctcr is obtained which is characteristic of the material and the particular 

transition. 

I(<V * I0(tus^ • (4) 

where g « -j-— 
32Tt*kxr 

ÄsV 

Two impcrtant features of this interaction are that the field 

grows exponentially with distance and that phase matching is automatically 

satisfied since the dipole is induced with the proper phase which leads to 

growth, independent of the phase relation between the laser and the stokes 

waves. In fact, the stokes and laser waves need not even be collinear.11 

The exponential growth with distance applies to both sbs and sra 

and has the same dependence on laser power and distance for these irocesses 

A competition between the processes will occur and the transition with the 

highest gain will dominate. Since high gain is assumed (exp 30), a 10j6 

difference in normalized gain for two processes would correspond to roughly 

e or a factor of 20 difference in intensity between them. That the domi¬ 

nant process does not experimentally suppress the less likely one will be 

discussed in Part IV. 
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"ff" 

For raroan scattering, the resonant polarizability is given bjT* 

« — 
'raman 

where N is the population difference between levels, a is the raman pola¬ 

rizability, T is the half linevidth in radians, and L is the local field 

correction factor. The lower particle density in a gas tends to be offset 

by a correspondingly narrower linewidth with the result that the value for 

the resonant polarizability varies little from low to high gas pressures. 

The derivation for the polarizability for sbs in gases will be 

shewn in detail here since it has not appeared elsewhere. Actually one 

expects an exact analogy to the analysis of sbs in a liquid as long as the 

gas can be treated as a continuous medium. At low pressures where the mean 

free path becomes comparable to the acoustic wavelength, the assumption 

of a continuum is no longer justified. However, experimental results12 

have shewn that the classical Navier-Stokes theory for the propagation of 

sound in a continuum continues to predict the acoustic behavior of gases 

as accurately as any present statistical theory in this low pressure region. 

The derivation will thus assume a continuous media. 

For a volume V whose dimensions are small compered to an acoustic 

wavelength so that the internal particles are in equilibrium, the conserva- 

ticn of mass requires that 

d£ = AV 
P V 

where p is the density, V the volume, and T) is the displacement of the sur¬ 

face enclosing the volume. The Lagrangian density is 
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1 = ioíi ■ il + p(v'^ - w||)8(7-ü)‘ 

+ ¿ [E0 - ^s(v^] (^)-(^) (5) 

where 3r^ (‘Ip^s are ^-e 9^iabatic fluctuations of pressure and dielec- 
«aÿ 

trie constant with density, A is the vector potential associated with the 

electromagnetic fields in the medium, and the other symbols have their con¬ 

ventional meanings. The term which contains p(-|“)s expresses the photo¬ 

elastic coupling between the electromagnetic waves and elastic (acoustic) 

waves. 

Using complex half-amplitude notation, the coupled wave equations 

can be written in the following form: 

where o is the fractional charge in density, and Ag are the vector poten¬ 

tials of the laser and stokes waves, and represents the damping 

losses due to viscosity and thermal conductivity.^ Attenuation of the 

stokes and laser waves in the medium has been neglected. 
-4 "4 

When A^, As, and a are assumed to be plane waves of the form 

G{z)e"i^U,1: * KZ^, the coupled wave equations can be linearized by neglect¬ 

ing the second derivative of the waves' amplitudes. When the acoustic 

losses are large, the terms involving the spatial derivatives of the phonon 

amplitude can be neglected (pseudo-equilibrium) and the equations become 
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where F, and As are the complex half-amplitudes of the acoustic wave 

laser wave, and stokes wave; ks and ^ are their real 

v.ve vectors and frequencies. The expression for the power gain (g) of 

the stokes wave normalized per unit length per laser intensity becomes 

In the above pcwer gain expression, kg is determined by the 

ge-metry of the experiment but has not yet been specified. The method 

of excitation requires that ^ and kg must both be real at every point in 

the interaction volume. Maximizing the gain with respect to («g places the 

j. ..lowi'g condition on the phase velocity ujg/kg ; 

3(~) * Va - M* + (4v4 - 2vV + M4)^ (U) 

where v = ((^)s is the velocity of sound and M * At high pressures 

this expression reduces to ^ = v which is identical to the result obtained 

from normal mode solutions of the Navier-Stokes equations. In the limit of 

low densities, this relation becomes ^ whlch 8hows thflt thfi 

maxim’jm gain condition corresponds to a phase velocity that decreases as 

the density decreases. This velocity dispersion at low pressure is opposite 

to that prediced from normal mode solutions of the Navier-Stokes equations. 



A qaesticr. is raised as to the correctness of the form of the 

less term employed by Trasdell (7s ^). All four variations of the 

third derivative reduce to the proper form in the low loss region, and 

each predicts a different behavior in the high loss case. One of the 

interesting possibilities is to study sbs in this region experimentally to 

determine which form .'s proper. 

III. NUMERICAL EVALUATION 

A. Raman 

1} Energy Levels 

The energy associated with various states of a homonuclear 

diatomic molecule is approximated by a power series expansion in the vari¬ 

ables, n, v, J and M; the electronic and vibrational quantum numbers, the 

total angular momentum, and the component along a space fixed axis, respec¬ 

tively. For this class of molecules in the electronic ground state «pd 

not subject to perturbing electric and magnetic fields, the M levels are 

degenerate. The energy of the levels can then be essentially separated 

into two contributions—the vibrational and the rotational energy. 

W(v,j) * G(v) + F(j) 

G(v) * <B (v + 4) - u> X (v + I-)8 + my (v + £)a + . . . 

F(J) = [Be - ae(v + £) + Ye(v + ¿)8 + . . .] J(J+1) 

" + Pe^V + £) + Ô(v + i)® + • • •] Aj+I)8 

+ Hy J* (J+1)8 + . . . (12) 



The rotational energy F(j) of a non-rigid rotor depends slightly 

on the vibrational quantum number because of a variation of moments of 

inertia with vibrational level. The higher order coefficients (y, 6, h) 

are small and have been determined for only the light molecules (i.e., Ha 

and Da). Values for the coefficients can be found in the literature for 

many molecules, and a convenient compilation is presented in "Spectra of 
TO 

Diatomic Molecules" by Herzberg. J The selection rules applicable to 

ranwn scattering, a two-photon process, are Av * 0, AJ * ± 2 or Av * ± 1, 

AJ = 0, ± 2. Three groups of transition are formed by the selection rules 

AJ = -2, 0, +2 are are labeled the 0, Q, and S branches, respectively. 

The transitions involving a change of rotational quantum nuaiber are easily 

resolvable since the splittings depend on the rotational constant. The 

pure vibrational transitions comprise the strong Q branch and are resolvable 

at lew gas pressure because of the small vibrational correction terms (a. 

y, ß, Ô) to the rotational constants. For the molecules considered here, 

the splittings in the Q branch are sufficiently large so that a mode- 

ccntrolled giant pulse laser can interact with the individual lines as 

ler.g as they themselves do not overlap due to pressure broadening. 

The exact transition frequencies can be evaluated by eq. (12) 

although useful approximations are given in Table 1. The more exact values 

are calculated and listed for Ha, Da, Na and 0¾ in Tables 2 to 5. 

The notation which will be used in this report to describe a 

raman transition between levels (v,j) and (v', J#) involves the letter for 

t- “ branch, subscripts for the initial and final vibrational levels, and 

the initial rotational level in parentheses (i.e., Svv#(j),. Q ,(j), 

ovv<(J).). 

or 
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TABLE 1 

APPROXIMATE RAMAN FREQUENCIES 

Type of Transition Notation 

Fore Rotation 

Between (vO,j) 

and (vO,J+2) 

Pure Vibration 

Between (v^),j) 

and (v*l,j) 

Combination Transitions 

Between (vO,j) 

and (v*I,J+2) 

Between 

and (v^L,J-2) 

Approximate Frequency 

(B, - i»e)(kJ+«) 

".^Ve + ^ Ve * V<J+l) 
0(1) - 0(0) - a J(J+1) C 

0(1) - 0(0) + B (lfcJ+6) - ».(^+7^) 

0(1) - 0(0) - BiltJ-2) - «.(J*-5J+3) 

S00(J) 

OgotJ+a) 

«0l(J> 

S01(J) 

010(J+2) 

VJ> 
8i0(J-2) 
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J 

2 

3 

K 

5 

TABLE 2 

h8 RAMAN TRANSITION FREQUENCIES IN cm-1 

Soo(J) VJ) S0l(J> 

35^.33 4l6l.l4 4497.75 

586.85 4155.22 4712.70 

814.08 4143.43 4916.67 

1034.37 4125.85 5108.10 

1246.58 4102.60 5285.85 

1450.19 4073*73 5449.25 

VJ> 

3806.81 

3568.37 

3329.35 

3091.48 

Molecular Constants taker from C. H. Chorch' 
14 

(V 4401.60 
e 

tu X 121.66 e e 

Ve 0,88 

Be 60.8496 

ere 3.0438 

y 0.0396* Q 

D 0.04955 6 

Pe -0.00395 

0 .00087 

Hq - 9.6 10-* 

Hl * 7.9 10-* 

Hg ■ 7.O 10-B 

^Value taker, as half that listed in thesis 



TABLE 3 

Da RAMAN TRANSITION FREQUENCIES IN CM"1 

soo(J) 

0 

1 

2 

3 

V 

5 

6 

179.04 

297-52 

414.71 

530.09 

643.18 

753.41 

860.34 

VJ> 

2993.49 

2991-38 

2987.17 

2980.87 

2972.45 

2961.93 

2949.30 

Molecular Censtarts taken from C. H. Church 
14 

u> 

OU X 
e e 

3II2.8I 

59.66 

30.434 

I.06I 

Y. - 0.0045* G 

«Value taken as half that listed in thesis. 

S01<J> 

3166.21 

3278.39 

3387.I6 

3492.03 

3592.49 

3687.99 

3778.O8 

°01(J) 

2814.45 

2693.87 

2572.46 

2450.77 

2329.27 

D * O.OIO85 
© 

H 10* 



TABLE 4 
# 

Na RAMAN TRANSITION FREQUENCIES IN CM-1 

J 

O 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

il 

S00(J) 

12.0042 

20.0070 

28.OO98 

36.OI26 

44.015 

52.OI8 

6O.O2O 

68.023 

76.026 

84.029 

92.032 

100.035 

VJ) 
2330.712 

2330.674 

2330.600 

2330.488 

2330.338 

2330.151 

2329.927 

2329.665 

2329.366 

2329.029 

2328.655 

2328.244 

Molecular Constants taken from Herzberg1^ 

<«e 2359.61 

cm X 14.456 e e 

Ve °-00751 

s0i(J) 

2342.604 

2350.494 

2358.347 

2366.162 

2373.941 

2381.682 

2389.385 

2397.052 

2404.672 

2412.272 

2410.827 

B 2.010 e 

«e O.OI87 

001<J> 

2318.708 

23IO.668 

2302.591 

2294.476 

2286.324 

2278.134 

2269.907 

2261.643 

2253.341 

hàéiiJ. 
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TABLE 5 

Oa RAMAN TRANSITION FREQUENCIES IN CM'1 

S00(J> VJ) 

1 

3 

5 

7 

9 

11 

13 

15 

14.38 

25.88 

37-37 

48.86 

60.34 

71.81 

83.27 

94.71 

1556.36 

1556.20 

1555.92 

1555.51 

1554.97 

1554.31 

1553.52 

1552.60 

u> B I.4456 
e 

Molecular Constants taken from Herzberg^ 

158O.36I 

12.073 

0.0546 

-0.00143 

u> X e e « 0.01579 

cu y 
e^e 

tt) z e e 

S01(J) °oi(J) 

1570.58 

1581.79 

1592.87 

1603.83 

1614.64 

1625.33 

1635.87 

1646.27 

1541.98 

1530.33 

1518.55 

1506.65 

1494.63 

1482.50 

1470.25 

D 4.957 10-* 6 

B -0.088 10-* © 
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2) Density of States and Population Distributions 

The density of states has a (2J+l) factor arising from the M- 

deger.eracy cf the Jth rotational level, and an (l+l)/l nuclear degeneracy 

factor from the nuclear spin. The nuclear factor, which alternates for the 

even- and odd-numbered J levels, arises from symmetry requirements on the 

total wave function of the molecule, and favors even-numbered J values for 

1*1 (Da,N8li+), and odd-numbered J values for I * l/2 (¾). For 1*0, 

} the infinite ratio excludes the even-numbered J levels. 

Because the vibrational energy is much greater than KT, the ini¬ 

tial populations are distributed among the rotational levels in the ground 

vibrational state. Using the known energy levels, the Boltzmann factor can 

be calculated. The population distribution among the J levels for various 

temperatures from 75°K to 500°K have been calculated and are presented in 

Tables 6 through 9* 
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TABLE 8 

POPULATION DISmiBUnON SM/H^ AS A FUNCTION OF IEMFERATCRE . 

M Nuclear 
Degen. Degen. 

Ol 2 

1 3 1 

2 5 2 

3 7 1 

49 2 

5 11 1 

6 13 2 

7 15 1 

8 17 2 

9 19 1 

10 21 2 

U- 23 1 

12 25 2 

13 27 1 

14 29 2 

15 31 1 

16 33 2 

17 35 1 

!8 37 2 

19 39 1 

20 4i 2 

21 43 1 

22 45 2 

23 47 1 

24 49 2 

25 51 1 

75 100o 150o 

.0501 .0378 .0253 

.0697 .0537 .0365 

•1997 .1594 .1126 

•1114 .0939 .0703 

.2100 .1919 .1549 

•0883 .0884 .0785 

•I317 .1478 .1477 

•0439 .0572 .0645 

•0554 .0822 .1089 

.0158 .0268 .0434 

.0158 .0342 .064? 

•OC37 .0100 .0236 

•0032 .0103 .0328 

•0007 .0028 .0106 

.0024 .0135 

•0005 .0040 

.0046 

.0012 

.0016 

200° 250° 300° 

.0189 .0152 .0126 

•0277 .0222 .0186 

.O87I .0710 .0600 

•0560 .0464 .0396 

.1282 .1089 .0942 

.0679 .0594 .0525 

•I353 .1223 .1098 

•0638 .0599 .0558 

•1151 .1135 .1087 

.0496 .0516 .0513 

•0831 .0907 .0932 

•0331 .0385 .0414 

•O517 .0643 .0723 

.0189 .0255 .0303 

•0275 .0397 .0497 

.0090 .0154 .0198 

•OI25 .0226 .0314 

•0043 .0079 .0119 

‘0053 .0111 .0183 

•°015 .0039 .0066 

.0018 .0051 .0096 

.0004 .0016 .0034 

.0021 .0046 

.0006 .0015 

.0021 

.0002 

350o 

.0109 

.0100 

.0518 

.0346 

.0833 

.0468 

.1005 

.0516 

.1023 

.0497 

•0933 

.0427 

.0765 

.0334 

.0572 

.0238 

.0392 

.0156 

.0249 

.0095 

.0147 

.0054 

.0078 

.0028 

.oo4o 

.0005 

[ 

..——. 



TABLE 9 

POPULATION DISTRIBUTION N(j)/NTotal AS A FUNCTION OF TEMPERATURE 

J M 
Degen 75 100° 150° 200° 250° 300° 

Oa 

350° 

1 3 

3 7 

5 il 

7 15 

9 19 

Il 23 

13 27 

15 31 

17 35 

19 39 

21 1+3 

23 1+7 

25 51 

27 55 

29 59 

31 63 

33 67 

.1565 .1194 

.2767 .2255 

.2634 .2437 

.1752 .1939 

.0854 .1194 

.0317 .0609 

.00893 .0259 

.00209 .00812 

.00244 

.OC058 

.0811 .061c 

.1620 .1278 

.2012 .1673 

.1912 .1731 

.1511 .1538 

.1023 .1209 

.0593 .08405 

.03001 .05541 

.01361 .02967 

.00542 .01535 

.00191 .00713 

.00058 .00324 

.00116 

.0490 .0407 

.1054 .0885 

.1443 .1213 

.1560 .1396 

.1488 .1396 

.1270 .1265 

.0988 .1048 

.0695 .08006 

.0449 .05750 

.02727 .03796 

.01505 .02366 

.00782 .01362 

.00347 .00770 

.00164 .00393 

.0351 

.0772 

.1093 

• 1277 

.1325 

.12499 

.10872 

.08839 

.06725 

.04812 

.03267 

.02067 

.00719 

.00393 

.00068 .00210 .00202 

.OOO85 .OOO956 

.00037 .000456 
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3} I .'.ne Stre\gth 

The raman pclarlzability is the matrix element connecting an 

—•-.itj.al state tc its final (v ¿J ) state and exists because of 

t'-e variation of polarizability with nuclear coordinate. Because the M 
f 

levels are degenerate for these diatomic gases, the individual transitions 

cani-ot be resolved. Thus, the spontaneously measured polarizability 

between J states is the sum of the (assumed incoherent) polarizabilities 

f.-r all the allowed transitions AM = 0, ±1, ±2 from each M state in the 

initial J level. It is commonly assumed that the polarizability is inde- 

perient of M so that the value cf polarizability attributed to an individual 

M level is the average value. 

The symmetry of a diatomic molecule produces a different polari¬ 

zability along the isternuclear axis (a||) than perpendicular to it (o^). 

The polarizability is decomposed into an isotropic term a * l/3 (cr|| + 2oj) 

and an anisotropic term y = (a|| - op. 

As & result cf this anisotropy, radiation can be scattered in a 

poisrizatien perpendicular to the incident field, involving a = £1 

transition. Radiation scattered parallel to the Incident field occurs for 

AM = 0, and involves primarily the isotropic polarizability. By averaging 

„ver the random orientations of the molecule in space and summing ever the 

M levels, the transition intensities (polarizabilities squared) shown in 

Table 10 are obtained for linearly polarized incident light (AM * 0, ±l). 

The notations ^ > represents the intensities of light scattered 

from the initial (v,j) level to the (v^J+Aj) level and polarized either 

parallel or perpendicular tc the incident field. 



Q branch 

S branch 

0 branch 

TABLE 10 

SCATTERING INTENSITY 

,01 
(s?); =(‘o.) 

2 4 + * J (J+l) 
45 (2J-IH2J+3) 

-L _ J(J-H) , 
15 (2J-l)(2J+3) ^01/ 

($+2)™'. ± (J + IHJ+2) . .2 
' J H '5 (2J + l)(2J+3) 

($;2)VV'. ± -tJ-HHJ+2) ( ,2 
' J U 10 (2J + I)<2J+3)'W' 

. J(J-I) /v «2 
(2J-IH2J+I) ''VV7 

(2J-IH2J + I) (^vv 
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The transitions with 4M “ iß involve the scattering of circularly 

polarized light and are generally of less interest. This case has been con- 

9 
sidered elsewhere and leads to interesting effects for rotational transi¬ 

tions, but ha? negligible effect on the vibrational line strengths. 

When the upper level is initially populated, the observed line 

strength will involve the difference in populations of the M states in the 

initial and final (v,j) levels. This will in general be applicable for rota¬ 

tional transitions, but not for vibrational ones since ha » KT for these. 

The population difference is given simply by the Boltzmann factor since the 

nuclear factor is common to both the initial and final levels. Its value 

can also be written in terms of the populations in the (v,j) levels and the 

M-degeneracy factor 

sc that the observable transition probability, summed over all initial M 

levels becomes 

4J vv# 

^(Sj U 
dJ. w 

II. I - <“« V, >iu 

The calculations of the observable line strengths, incorporating 

the temperatire variation cf the population distributions among the molecu¬ 

lar levels arul the appropriate transitions intensities, yield the results 

shown in Figures 1-1* for the several gases under study. 
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4) Evalijaticn of Line Shape Factor 

The shape of spectral lines emitted by an excited atom is deter- 

mined simultaneously by the perturbing influence of neighboring particles, 

by thermal motion of the emitter itself, and by its natural radiative life¬ 

time. Since a raman excitation in symmetric molecules is dipolar forbidden, 

the ra^aral lifetime is enormous, and can be neglected compared to the two 

other factors which determine the transition's line shape. These two pro¬ 

cesses (pressure broadening and doppler effect) are normally treated sepa¬ 

rately following well known analyses to yield line shapes given by 

and 

littM»/) 

1//tl_ 

(tt>V)8 + (1/tl)8 

exp £-(mc8/2kTu>#a) 

(13) 

(14) 

where ^ * (nQv)-1 is the mean lifetime between collisions which interrupt 

the radiative process, n is the density of perturbera, v their mean velocity, 

and Q the collision cross section; and where u is the observed angular fre- 

q.-'-cy and u/ is the urdisturbed frequency. The other symbols have their 

c.nnve: tic nal meanings. 

To combi:: e the two distributions for a radiating atom, a folding 

process know- as the Vclght integral is employed in which each elementary 

component of distribution (13) is assumed to be broadened in accordance 

with (l4). 

The procedure fails in the case of raman scattering because in 

gp-erai the scattering cross section for raman processes IQ ) is less than 
r 

for translational collisions That is, the molecule may undergo one 
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°r more translational collisions without losing piase coherence of its 

vibrational or rotational state. Since this is true, the description of 

molecular motion during the lifetime of a raman excitation cannot be ade¬ 

quately described by a Maxwellian velocity distribution. 

The general problem of a perturbed radiator was attacked by 

Dicke,15 and in more detail by Galatry.16 The formulism used is to cal¬ 

culate the Fourier transform, hence the power spectrum, of the emitted 

energy by writing the molecular motion as x(t) and the phase shift pertur¬ 

bations as 1(t). The resulting lineshape is given by 

I («>-«/) «P { -1 y! Wt')-x(t)] 

+ 1 C»(t') - *(t)]} it it' (15) 

Assuming ergodicity to hold, the time integral can be replaced by an 

ensemble average. The description of the correlation functions Ax(t) * 

x(t+î) - x^t) and ùi(r) ** #(t+T) - #(t) are the essential steps in the 

calculations. Dicke assumed that the motion was describable by the dif¬ 

fusion equation. Such a continuum description does not properly treat the 

’if^al Period during which the discreteness of the individual steps of 

the melecolar motion is the dominant characteristic. When the distances 

involved in this period become comparable to a wavelength, that is, when 

the mean free path is comparable to a (raman transition) wavelength, a more 

detailed treatment is required. Galatry employed a more elaborate position 

correlation function (due Chandrasekhar17) to obtain a solution which applied 

to all pressures. 
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The phase correlation function £iû*(t)J can be reduced to 

■[ 7- [-(l-A7) - iB*]} where is the mean free time between the Poisson 
Li 

distributed collisions which disturb the phase, and 

2tt 
A + IB - ¡ exp (iAI) p(Af) d(Ai) 

o 
(16) 

The factor (1-a')/tl is responsible for the pressure broadening (collision 

limited lifetime) and is taken proportional tc‘ the collision frequency. 

B /tl represents the shift of line center due to pressure. Lacking detailed 

1.-formation on the probability distribution of the phase shift for the 

rama: process, equation (it) is évaluated.in terms of the experimental data 

for pressure broadening and frequency shifts. 

The expression for line shape becomes 

!(<«-(/) * ¿Re J* ) tf(t) dT 
o 

where 

*•’'> ■**»{- -^"/an). [«l-l + BP (-1-)] (17) 

kT 
where is the coefficient of dynamical friction 

D 

X' 

is the diffusion constant 

is the wavelength corresponding to the raman 

transition 

The solutions so obtained flow smoothly from the low pressure limit of 

d ppler effect, through a motional narrowing region, into the pressure 

broadened region at high pressures. 
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The physical interpretation of these regions can be made as 

fcllcws: The doppler broadened region corresponds to a pressure range in 

which the mean free path exceeds a wavelength. Under these conditions the 

dopp*er shift corresponding to the individual particle's velocity can be 

resolved. The distribution of velocities is assumed Maxwellian for this 

region. In the motional narrowing region the mean free path is somewhat 

less than a wavelength while the raman phase coherence is maintained over 

many collisions. The effective velocity of the molecule is less than ther¬ 

mal because of the averaging nature of diffusion-like motion. The averaging 

process is effective until either limited by lifetime or until the molecule 

moves a wavelength. The linowidth continues to narrow with increasing pres¬ 

sure because more collisions and a longer time are required for the traversal 

of a wavelength. In the pressure broadening region the mean free path is 

sufficiently small such that the total length diffused during its lifetime 

introduces negligible phase shift, compared to the uncertainty arising from 

its finite lifetime. 

Because reman scattering involves both an incident and a scattered 

P' -t-:, *he dcppier shift -se i the motional narrowing must be modified to 

account for the geometric factors involved. If the scattered radiation is 

observed at an angle a from the forward direction of the incident beam, 

then, the effective wave vector upon which the particle velocity acts is 

given by 

eff = — fi*«) 8 sin8 ^ Ui sin 8 *r + u> 81^ (l8) 
*eff cLo 2 om 2 m J v ' 

where u>o is the angular frequency of the incident beam 

u>m is the angular fiequency of the raman transition. 
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Tiiuïs in the forward diioction, the doppler width is proportional 

to the difference between the incident and scattered frequencies (i.e., the 

reman frequency) which car. be very small for pure rotational transitions. 

For scattering in the reverse direction, the doppler width is proportional 

to the sum cf the two photons (i.e.. cu + (<« - id ) = 2cu - oui. 
' o ' o nr o m7 

Although the intensity at the line center can be simply calcu¬ 

lated by this formulism and is the term of interest for computing raman gain 

for a mcnochrcmatie laser, the detailed line shapes involve tedious calcula¬ 

tions except in either the low or high pressure limits. To give an indica¬ 

tion whether the laser linewidth satisfies the assumption that it is narrow 

compared tc that of the transition, one can calculate the width of an equiva¬ 

lent Lorentiar. line which would have the same peak value as does Eq. (17). 

The equivalent radian half-linewidth Teq. * is converted to ûvR, the 

full width at half amplitude in cm’1, for the dominant transitions. The 

temperature and pressure dependence of linewidth are shown in Figures 5 to 

11. The extent cf the mcticnally narrowed region depends on the ratio of 

V^r " i,e't the IiUinber cf collisions that can be experienced before less 

cf phas-. When the number cf allowable collisions becomes large, the dis¬ 

tance moved increases slowly so that the average velocity is greatly reduced, 

..arr.Wxn^ +he line. Th_s is true for the lines in hydrogen and to a 

lesser extent for the rotational lines S01(j) in hydrogen and the Qq1(J) 

l.nes _r. Ng and Og. For the rotational lines in Ng and Og, nearly every 

translational collisions destroys the raman phase. Thus the calculations 

reduce bacli to the Volght integral. 

Details cf the evaluation cf the intensity at line center are now 

considered. The piase shift coefficient fi' is assumed to be zero and the term 
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(i is chosen proportional to the n'ornber of collisions (CPT"^ rather

than CPT"* with x «s .9 as is estimated from certain experiments'*'®) having 

a v-il i€ at room temperature corresponding to the measured coefficient for 

the transiticn and gas cf interest. A change of variables reduces (17) to

1(0)
^ / y-(l-a/e) ^-bu

where
D ,2-7.'

a = (1 + aOAl

Ei-.ation (19) can be evaluated by a series expansion, although several spe­

cial cases can be more directly calculated. For P l(o) which cor-

respc:'*ds to the high pressure region and demonstrates both pressure broaden- 

i:;^ ant Dicke's version of motional narrowing. For P -* 0, the distribution 

e-es ro the dcppler limit (mere easily seen from (l?)). The intermediate 

pcitts were calculated for several values of a/P: (I/I6, l/h, O.35, l/2,

1, 2, 4, 16, and 64) for wheieh the integral (I9) was nianerically evaluated. 

At fixed temperature the pressure was chosen to give a/P the desired ratio, 

a: ,d the resultirig effective linewidth was then plotted for the pressure 

w-ich corresponds to the a/P value.

i) Normalized Gain Coefficient

T?ne calculatici'is of the normalized power gain coefficient, g, 

follows in a straightforward manoier from Eq. (4) and the previous numerical 

evaluations. The values for the various transitions as functions of tem­

perature and press^ure are shown in Figures 12 to I8. Again, the reader is 

cautic.-ed that these calculations are subject to the approximations involved
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p Ir simplified model. One of these is that the laser linewidth is nar­

row compared to that of the transition, many of which are less than 10-* cm"'. 

Experimental comparison will be made in section IV.

B. Brillralr.

The numerical calculations for brillouin gain are less easily 

♦^b.l^ted because the effects of the deviations from the ideal gas law 

behavior are appreciable ani canrot be neglected. Since the actual values 

of ie-sity/^ ccmpressibillty, and viscosity must be used, it is necessary 

to eval’JBte the gain, from Eq. (lO) for each value of temperature and pres­

sure.

Cfc.ce again, in order to estimate the importance of transient 

be'avl^r, it is convenient tc mow the acoustic losses, hence the linewidth, 

as a furictlor of the gas parameters. For low losses (where the normal mode 

fcrnrullsm holds) the llnewiith (full width at half height) can be shown to 

be

''b “
(20)

where & * T)v + (v-l) “
P

where 1) is *he viscosity, v is the viscosity nvunber having a value of about 

1/3, Y is rstl^ of specific heats, and is the Prandtl number.

At low gas pressures, the losses can become so high that the line- 

wiith exceeds the frequency s>ift. However, the original model of a continuous
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gain is estimated to te about exp (30) by using the most intense 

reg:, of the focused beam (an Imaginary flux tube on the axis), one would 

+ expect the contributions from other regions to be negligible if they 

correspond to laser intensities of less than 90 to 95$ of the intensity on 

axis at that cross section. The stokes beam would then experience high 

giin only in the central region near the axis. 

Neglecting possible trapping effects due to dispersion in the 

*—g — çsi’" region, the diffraction losses of a beam that size would negate 

most cf the gain that would have been expected. Continuing the numerology, 

a model consistent with high gain and moderate diffraction loss occurs for 

the 80 to 8.5# power contour of the focused beam. Based on the 85$ curve, 

th- computed ratio for l/k is 5n/X. For real laser beams, one expects ncn- 

'.iffraction limited behavior and a lower l*/A ratio. Assuming that to be 

observable, the Stokes wave must have a minimum integrated gain of exp (30), 

a value for the product g t/A can then be computed from a measurement of 

h'creshcld laser power — g ¿/A * . One could then hope that the effec- 
L 

tive length to area ratio weald be repeatable during an experiment so that 

a variation of threshcld power would imply the inverse change in g as some 

parameter is changed. The inverse of threshold laser powers are plotted 

1:. Figures 27 and 28 with an adjustable scale factor to allow the best fit 

with the calculated gain curves. To account for the transient conditions 

which prevail for many cf the experimental situations, a detailed analysis 

similar to that of Krcll must be employed. One can obtain a transient 

gain curve for sbs by use of Kroll's approximate equations. The amount by 

which the gain is reduced is dependent on laser power, so that it is not 

simply possible to form a derating factor based on linewidths of the transition 
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v'A the laser. However the ratio of transient to steady state gain at 

fixed gas pressure which is given by 

R « S- 
g 

•[ (xvt + Vat8)2 (g I. cr)‘ - Ofvt] 
(21) 

g Ij x 

where g is the normalized power gain for a monochromatic laser 

is the laser intensity 

and other symbols are given by Kroll, 

can Vie evaluated by requiring that the transient gain must be some large 

fixed value (say exp (30)). Requiring that the numerator be equal to 30, 

the ratio becomes 

60of (xvt 4- Vata) TTAVt 

X (15 + CKVt)8 
t < 

10 (22) 

Although! t is intended by Kroll to represent the pulse duration, 

many factors can shorten it and make it uncertain. Treating t as a parameter, 

a value can be chosen wl.ch optimizes the fit. For reasons to be discussed 

later, a time of 2 nsec is used for all data presented here. The scale 

factors used in Fig. 2? ani 28 to adjust the inverse threshold power to fit 

the transient gain curves are 3 2.5 assuming g# m an<* 

5n/X as previously discussed. Considering the uncertainties in spatial 

properties and frequency characteristics of the laser, the agreement is 

excellent, both in relative and in absolute values. 

Since both srs and sbs exhibit exponential growth and have the 

same dependence on the laser power, the processes will compete. However, 

the variation of gain with pressure at fixed temperature is different for 

álttÉiaáiÉÉÉIMÉÉMÉÉMdIÉÉÉfett Màrnám 



t'e two processes as seen in Figures 27 and 28. The calculated threshold 

for sbs is very dependent cn temperature, varying about as T , due to 

I.-creased particle density and to smaller acoustic losses. It should there- 

f.rre be possible to select which process is stimulated by choosing the 

proper temperature and pressure, providing sufficient laser power is avail¬ 

able. Ute calculated gain curves for Ha at 77°K are given in Fig. 29 show¬ 

ing that the crossover between srs and sbs now falls at au achievable value 

of gate and pressure. 

Experimental results are plotted in Fig. 29# showing that the 

crossover from srs tc sbs is observed as pressure is increased. Near the 

crossover region, both processes appear simultaneously (observed with fast 

diodes) and exhibit threshold behavior. The transient gain curves are 

calculated based on 2 ns3c as before. The data for both srs and sbs are 

ad j isted by a sir^gle scale factor to fit the srs data at the highest pres¬ 

sure for which srs was still dominant. In this case the scale factor was 

1.3, shewing rot only relative fit, but excellent absolute agreement, even 

In the high pressure region where sbs was dominant. In this high pressure 

regie::, sbs threshold data fit well, but was strongly suppressed at pres¬ 

sures below the crossover. 

The cause for this suppression remains uncertain, although many 

factors have been considered. Depletion of laser power did not suppress 

sbs in CH* (at 300°K) below its crossover. Likewise, sbs in Na (at 300°K) 

failed to show any similar indications of suppression at a pressure corres- 

p nding to a brillculn linewidth equal to that for Ha (T7°K) at the cross¬ 

over. (This linewidth happened to be comparable to a mode reparation in 
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’User.) The search for other reman lines (Q01(0) and 8^(0) ) which 

mey hnve absorbed additional laser power, failed to show their existence. 

Reverse raman has been seen ’ander transient conditions, but is not likely 

tc cause suppression. The effects of these competitions and suppressions 

vrlll be discussed and reported in detail in a letter to be published else¬ 

where • 

With the correction for transient conditions, the data gave good 

ac«. Ute agreement. However, compared to steady state gain, the experi- 

¡nental value never exceeded it and were as much as two orders of magnitude 

1-3S. These results Imply that anomalous gain did not occur during these 

focused experiments. This is not unexpected since the critical laser power 

required fcr beam trapping in these gases is very largo. An attempt to 

trap in gases gave negative results. Furthermore, to produce a noticeable 

effect in a focused experiment, the trapping would have to be quite severe. 

One cf the most interesting observations to come from the data 

is shown in Fig. 30. On this figure are plotted nearly all the data taken 

during the past 9 months involving both srs and sbs in several materials, 

st various temperatures, excited by modified laser systems, and in both 

f 'used and parallel beams. The ratio of steady state gain to the experi¬ 

mentally determined values (based on ¿/A * 5n/X for a focus) is plotted 

versus the linewidth cf the transition and found to fit a curve that can be 

generated by a transient analysis. The time implied by the break in Fig. 30 

is 2 nsec. A physical interpretation of this time has not been established. 

Alth-ugh. much of the data was taken with a laser having a periodic k nsec 

fluctuation, and a gas cell laving a 2 nsec double pass length, variations 

from these experimental conditions gave data in the same agreement with the curve. 

iÉHtt ..... iniittamNfeNikifl 





Accepting this time as real implies that the numerical calcula¬ 

tions based on the simple theory are adequate to predict threshold powers 

for stimulated scattering in gases. 

Fcr these experiments several laser systems were used. A l/4 x 2 

inch ruby with a single Fresnel reflector produced a 3 to 10 MW output of 

excellent spatial properties. Adding a 3/4 x 9 inch not-so-good amplifier 

r. I gave a 10-fold increase in power but only Improved our ability to 

stimulate by a factor cf 3. This smaller gain was likely due to the much 

poorer spatial quality of the amplified beam. 

A double flat reflector has been used to mode select the 1/4 x 2 

rod, usually giving a pair of lines separated by about 3/4 cm-1, each line 

being about .005 cm 1 wide. More recently, the 5 MW output beam that can 

be conveniently obtained consists of a pair of equal intensity lines spaced 

by .008 cm"1, each line probably being narrower than .003 cm-1. The time 

response shows 4 nsec sine waves dipping to zero during each period. At 

other times, the depth of modulation is not as great. 
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FIGURE CAFTIONS 
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Raman line strer.gth per molecule - H8. Data from: C. H. Church . 

lli 
Raman line strength per molecule - D8. Data from: C. H. Church . 

Raman line strength per molecule - Na. Data from: E. J. Stanabury, 

et e*., Can. J. of Phys. ¿1, 95^ (1953). 

Raman line strength per molecule - Oa» Data from: E. J. Stanabury, 

ibid. 

Rama;: linewidth for forward scattering Ka * * 

Data from: A. D. May et al., Can. J. Fhys. ¿2, 1769 (1961). 

Raman linewidth for forward scattering Ha - Sqq(O). 

Data from: A. D. May, ibid. 

Raman linewidth for forward scattering Ha - 8^(1). 

Data from: A. D. May, ibid. 

Rama:, linewidth for forward scattering Na - VJ>- 

Data from: G. R. Bird, J. Chem. Phys. ¿8, 2678 (1963). 

Raman linewidth for forward scattering Na - 3^(6). 

Data from G. R. Bird, ibid. 

R-man linewidth for forward scattering Na - 3^(8). 

Data from G. R. Bird, ibid. 

Raman linewidth for forward scattering 0, - s^Ui). 

D-ta from G. R. Bird, ibid. 

Normalized, gain factor for stimulated Raman In Ha - Q01(l). 

Normalized gain factor for stimulated Reman in Ha - SqqÍO). 

Normalized gain factor for stimulated Raman in Ha - Sqq (1). 

Normalized gain factor for stimulated Haman in Na - V«- 



FIGURE CAPTIONS (Cont'd.) 

Normalized gain factor for stimulated Raman ln N» - S (6). 

Normalized gain factor for stimulated Raman in Nt - 8^(8). 

Normalized gain factor for stimulated Raman in 0, - 3^(11). 

Brillouin linevidth in Hg. Dashed lines indicate high losa region 

where model becomes uncertain. 

Brillouin linewidth in Da. Dashed lines indicate high loss region 

where model becomes uncertain. 

Brillouin linewidth in Na. Dashed lines indicate high loss region 

where model becomes uncertain. 

Brillouin linevidth in 0a. Dashed lines Indicate high loss region 

where model becomes uncertain* 

Normalized gain factor for stimulated Brillouin in Ha. 

Normalized gain factor for stimulated Brillouin in 1½. 

Normalized gain factor for stimulated Brillouin in Na. 

Normalized gain factor for stimulated Brillouin in (½. 

Calculated normalized power gain for sbs and srs in Hb at 300*K. The 

right orUrate scale for inverse threshold power was adjusted by a con¬ 

stant factor to fit the data to the transient raman gain curve at the 

Mgh pressures. A time of 2 nsec wsu used. (See text) 

Calculated normalized power gain for sbs and srs in Na at 3<30*K. 

The right ordinate scale for inverse threshold power was adjusted 

by a constant factor to fit the data to the tranaient brillouin gain 

curve at the low pressures. A time of 2 nsec was used. (See text) 



FIGURE CAPTIONS (Cont'd.) 

29. Calculated normalised power gain for sbs and srs in Ht at 77°K. 

Both processes exhibited threshold behavior even though ¡ oth were 

occurring simultaneously. The right ordinate scale for inverse threshold 

power was adjusted by a single constant factor to fit the srs data at 

high pressures to the transient gain curves. A time of 2 nsec was used. 

(See text) 

30. Ratio of calculated to experimental gain as a function of transition 

linewidth. The experimental gain value was calculated from the thres¬ 

hold power using Kjk * 5&A for a focus. Data, assembled for both srs 

and sbs in a variety of materials, at several temperatures, with dif¬ 

ferent laser systems, and involving both focused and parallel beams, 

all fall close to a curve which implies a 2 nsec transient behavior. 

(See text) 



TABLE CAPTIONS 

Table 1. Approximate raman transition frequencies 

2. Raman transition frequencies in Hg 

3* Raman transition frequencies in Da 

Raman transition frequencies in NB 

5« Raman transition frequencies in 0* 

6. Population distribution among rotational levels in Hs 

7. Population distribution among rotational levels in Da 

8. Population distribution among rotational levels in Na 

9* Population distribution among rotational levels in 0, 

10. Raman scattering intensities, a^/ and are the 

isotropic ani anisotropic raman polarizabilities for 

transitions involving the v and v' vibrational levels. 

■Mitt .-. 


