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Analysis of the Uniform  Rate  Equation 
Model of Laser Dynamics 

Absfracf-The spatially independent  laser  rate equation model is 
generalized to include multimode effects, and  it  is also  shown that 
the  same description of laser behavior as provided by  the single-mode 
model  results. Analytical expressions  for the  steady-state  values of 
the  variables  in all modes  are derived. It  is shown that a singularity 
at   the oscillation threshold  exists  in  the  steady-state equations 
which is responsible for  the  laser action. It is further  demonstrated 
that  the  inverted population and  the photon density  in off-axis 
modes  saturates above threshold,  whereas  the photon density in 
the primary mode  increases linearly with pump rate above thresh- 
old. The exact  time-dependent  solutions are  determined  numeri- 
cally, and  it  was found that  the spiking separation  and decay time 
could change by more  than 50 percent of their  values  at  the  start 
of laser emission to  the region of steady-state oscillation, even  when 
the pump is assumed  to  be  time  independent.  The linearized ex- 
pressions for the spiking parameters  are,  therefore, inadequate- 
despite  their  frequent use-to describe  phenomena appearing in 
the  early portions of the spiking trace. A comparison  with five ex- 
perimental  cases is also made. It was found that  this model,  with 
all  modes included,  provides no improvement  over the single mode 
model, and cannot  account for  the  irregular or undamped spiking 
or  even  the multimode  oscillations observed experimentally. 

I. IXTRODUCTIOK 
HE RATE EQUATION model has been  widely 
used [1]-[12] to describe the relaxat,ion oscillations 
or spikes observed [13]-[16] in  the power output 

of lasers. Single  mode analyses in  particular  have been 
conducted, and  because of their simplicity, have been 
frequently used t o  predict spiking characterist,ics for a 
given set of experimental conditions. The  validity of such 
a model  is questionable, however,  since most lasers ex- 
hibit multimode oscillations. It would  seem reasonable, 
therefore, t,o extend the familiar rate equation model by 
including those modes lying near  the center of the fluo- 
rescent line and coupled to each  other  through  the in- 
verted elect,ron population. This model  is not as general 
as that of Tang,  Statz,  and de Mars [9] who  consider the 
coupling produced  by the  spatial dependence of the photon 
and elect,ron populations, but it has the  advantage of 
retaining the simplicity of the original nzodel so that it 
is amenable t,o non-numerical solut,ion. In  addition, the 
modifications, if any, of the single  mode spiking behavior 
produced  by a natural extension of the same model  help 
to determine the range of validity of the original  model 
itself. 
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11. RATE EQUATIONS 
Let ui be the number of photons of frequency vi in 

the  ith  cavity mode, and n = n, - n, be the electron 
populaOion  difference  betmeen the upper  and lower laser 
levels. The analysis will  be  confined Do tlzree-level systems, 
such as ruby,  although  with  the proper redefinition of 
the parameters [17], it is also applicable t.0  four-level 
lasers. When ui and n are normalized by No = n, + nz, 
the  rate equations may  be  written 

2.i; = -ff;u< + BiNnnui + _1 (n + 1) B .  
2 

(i = 1,  . . .  p )  (1) 
?i 

ri = -(lV + A)n - 2n BiNou; + ( W  - A) ,  (2) 
Z = 1  

where A = r-', and r is the fluorescent lifetime of the 
upper laser level; W is the optical pumping rate  and is 
assumed t o  be time independent.; ai is the  rate of loss of 
photons  from the  ith mode; Bi is Dhe transition probability 
per photon in  the  ith mode; and p is the tot.al number 
of cavity modes within the fluorescent linewidth. 

The principal loss  lnechanisnzs for photons are  scat- 
tering, diffraction, and transmission through  the end mir- 
rors; and the  total loss rat,e ai is the sum of t,hese individual 
loss rates.  The transmission loss rate aT7 is  given by: 

where c is the velocity of light, R, and R, are  the reflec- 
t,ion  coefficients of the end faces, n, is the index of re- 
fraction for ruby,  and L is the  cavity length. Campbell 
and Van r e s t  [lS] indicate that scattering  and diffrac- 
tion  can  each  remove 20 percent of the photon popula- 
tion per pass. However, these losses  will not be  considered 
explicitly here, since they affect only the magnitude of 
ai and  not  the form of (1). 

The Oransition probability for stimulated emission in 
the  ith  cavity mode  is  given by [19] 

for a fluorescent line of Lorentzian shape  with center 
frequency vn and half-width Av, and the number of cavity 
modes p is  given by [19] 
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p = 8 ~ ~ v ~ n ~ A v V / c ~ ,  ' ( 3  

where V is the  cavity  volunx. 
The various modes are characterized by only two pa- 

rameters, C Y <  and Bi. Modes with the same longitudinal 
mode number  and only slightly different transverse mode 
numbers  are nearly degenerate; Oheir frequencies vi and, 
hence, their values of Bi are  approximately equal. Thus, 
differences between  these modes manifest themselves 
primarily in  the loss rate parameters ai, which may differ 
by as little as one part  in lo3. 

Lasers exhibit an oscillation threshold which  is  defined 
as  the minimum value of the  inverted population n,, for 
which the raOe  of gain of the coherent radiation balances 

Figures 1 and 2 are phase plane diagrams for P- /P+ > 
nt and P- /P+ < nt, respectively. The plot of  (10)  gives 
the locus of poinos  where the  numerator of (12) vanishes, 
and  the plot of (11) is the locus  of points where the 
denominator of (12) vanishes. The intersection of the 
two solid curves is the only physical singularity or stability 
point of the system. The (A) signs represent the sign 
of (12)  ,which gives the slope of the solut.ion curves. Any 
solution curve crossing the curve of (10) must  have zero 
slope, and  any solution eurve crossing the curve of (11) 
must  have infinite slope.  Only the region of physical 
interest, u1 > 0, - 1 < n < 1 is shown,  and the dashed 
curves in Figs. 1 and 2 are  the solution curves for the 

- 
the loss rate.  Thus, equaOing the first two  terms of (1) 
yields 

" 1  
L 

where the subscript 1 refers to  the primary axial mode, 
identified as t,he mode  possessing the minimunl loss rate 
CY,, maximum st,imulated emission rate B,, and mode 
frequency v, = yo. 

111. STEADY STATE 

EQ. (11) 

E Q .  (10) 

A. Single M o d e  Analysis 
Equations (1) and (2) constitute  a  set of p + 1 first 

order, nonlinear, coupled diff erential equat>ions. Their 
behavior can best be underst,ood by first considering the 
particular case of single  mode operaDion, where only 
the primary axial mode i = 1 is present. Then (1) and * 
(2) reduce to two equations in u1 and n: 

b n  
0 n t  P-/B+ 

B 
2 i ~ ,  = -a,u, + BINonul + A (n + 1) (7) Fig. 1. Phase  plane  diagram for the single mode 

ruby laser when p-/p+ > n t .  

k = -P+n - 2B,N,,nul + 0-, (8) 
U 1  

where A 

Pi = W f A .  (9) 

The  steady-state solutions, denoted  by the subscript 
s and obtained by  setting u, = n = 0, are given by 

9 (ne + 1) 

cy1 - BINons ' 
ul, = 10) 

and 

n, = ---- (11) P- 
P+ + 2B1Nou1, 

Some insight into  the Oransient behavior and  the  steady- 
state solutions can be obtained from  a  phase plane analysis 
of u, and n. For this purpose, Ohe relation 

B 
-CY,U, + BINonul + 2 (n + 1) 

dn  -P+n  --2BlNonu, + P- 

+------t--- c n  

_ -  du, 0 (+)' ' ' - - (12) P - / P +  n t  

Fig. 2. Phase  plane  diagram for the single mode 
is formed. ruby laser when o-/p+ < nt. 



40 IEEE  JOURNAL O F  QUANTUM  ELECTRONICS FJCBRU.4RY 

initial conditions u,(O) = 0, n(0) = - 1.  The arrows 
indicate  the direcOion  of increasing time. 

It can  be seen from Fig. 1 that as n reaches and exceeds 
the value n,, u1 increases by orders of magnitude  and 
then execuOes a  damped, oscillatory motion, suggesting 
spiking behavior, about  the  stability point. 

Now  consider Fig. 2, where P-/P+ < n,. From (8) it 
is  clear that if Ohere is no electromagnetic radiation 
(u ,  = 0), then n approaches the value P-/P+ exponentially. 
The presence of radiation  in  the  cavity only serves to 
drive n down  when n is positive. Thus, P-/P+ is the 
maximum value attainable  by n, so that if P-/P+ < n,, 
the solution curve in Fig. 2 can neither climb to large 
values of u1 nor execute oscillations about  the singularity 
without violating the conditions for  slopes  discussed above 
and indicated in Fig. 2. Consequently, the threshold 
pump rate W ,  is  determined  by the condition (P- /B+) ,  = 
at,  or 

The simultaneous equations (10) and (11)  possess a 
singularity at  the point n, = n, = al/B,AJO, such that 
if n, = n,, then ul, = a; and if n, > n,, then ul, < 0. 
But  the phase plane diagrams show that steady-state 
solutions in  the physically admissible  region u l ,  > 0 
never reach the singularity point n, = n,. This  can  be 
seen in  the following way: when P-/p+ < n,, i.e., W < W,,  
then ul, [as given by  (lo)]  has  a negligibly small value, 
since the  numerator is the spontaneous emission term, 
and  the denominator  has  a large nonzero value. Con- 
sequently, from (11), n, = P _ / P +  t o  a high  degree of 
approximat,ion. However, when pJP+ 2 n,, i.e., W 2 W,,  
then n, approaches  arbitrarily close to  the value nr and 
u l ,  increases by orders of magnitude  from its prethreshold 
value. Then  the second term  in  the denominator of (11) 
becomes comparable  with the first and serves to maintain 
the difference (n, - n,) infinitesimally small and positive. 

Although (10)  is rigorously correct for W 2 W,,  it 
is not analytically tractable;  and  an expression for u l ,  

can be  more readily obtained  from (1 1) by  setting n, NN n ,  : 

ntP+). (14) 

Note that u l ,  is linear in  the  pump  rate W above  thresh- 
old. 

B. Mult imode Analysis 
With  the help of the results from the single  mode  case, 

the multimode rate equations (1) and ( 2 )  can now  be 
treated.  Their  steady-state solutions are 

n, = P-{p+ + 2 2 i=l  B i ~ o u i s F 1 ,  (15) 

and 
B .  ui, = -$ (n, + 1) (ai - BiNons)- ' .  (16) 

Below threshold, the photon populations in  all modes 
are generated by spontaneous emission, as given by (16), 
and, therefore, will  be  small. Thus, 

n, MP-  
P+ , 

for  all i = 1, . p .  
Above threshold, it was found  from the single  mode 

analysis that n, cannot exceed n, = aI/BINO. But since 
a,/B,N, < ai/BiNo for all i = . 2 ,  * p ,  it follows that 
it is inqossible to reach threshold in  the  steady  state 
for all modes i # 1. Consequently, the ui,  (i # 1) given 
by (16) will remain small with respect to ul, and  may 
be dropped  from the sun1 in (15). Thus,  an expression 
for u l ,  can be obtained from (15) in  the same  manner 
as  the single  mode  case, with the. result 

It can  be seen from (19) and (20) that  the inverted 
population remains  constant a t  its threshold value and 
that  the  steady-state values of the  photon populations 
are  independent of W in all modes except the dominant 
mode. In contrast 00 this behavior, the  steady-state 
primary mode photon population ulr ,  given by  (2l), 
increases linearly with  the pump rate W. 

One of the shortcomings of the simplified rate equation 
model  is already apparent, viz., that only the dominant 
mode can reach oscillation threshold in  the  steady  state. 
This is in disagreement with  the observed multimode per- 
formance of most solid-state lasers. 

Equations (17) through (21) provide analytical ex- 
pressions for the  steady-state  inverted population and 
photon density for a  multimode  ruby laser both below and 
above threshold in terms of measurable quantities. As 
a check  on the approximations used in arriving at  the 
above expressions, the cubic equation that results from 
the simultaneous solutions of (15) and (16) for a two- 
mode  case  was  solved numerically. The results are shown 
in Figs. 3 and 4 which are plots of ul,,  uZ3, and n, as a func- 
tion of the  pump  rate W. The  parameters  are those as- 
sociated with a ruby laser rod at  room  temperature, 
where A = 330 s-l. Its length is 3 inches; diameter, + inch; chromium concentration, 0.02 percent by weight; 
and average reflectivity, 95 percent. We take X,,= 6943 A, 
n, = 1.76, B, = B,, and a2 = l.O1al. 

The values shown in Figs. 3 and 4 agree with those 
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O.' preceding section. Then x1 and y satisfy 
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Fig. 4. Plot of uZs vs. W for the  two mode ruby laser. 

determined  from the  analytical expressions within one 
part in lo6 for both W < W ,  and W 2 W ,  and  thus con- 
firm the  validity of the approximations. The  quantity 
ul, increases by  ten orders of magnitude as  the threshold 
is  crossed and is linear thereafter; uz. increases by only 
lo2 and  remains  constant  above the threshold point; 
and n, does not exceed the  value n,. These  results cor- 
roborate  the predictions stated above. It is also seen that 
u2./u1, is of the order of so that  the approximation 
uza << ul, used in arriving at  (21) is  well-founded. Note 
that,  although  the equations describing the two modes 
are identical (except that a, = 1.01 al), their solutions 
have a grossly different behavior. 

IV. SPIKING CHARACTERISTICS 
The spiking characteristics predicted by  the  rate equa- 

tion model  will first be  determined for the single  mode 
case. Then a second  mode, lying spectrally near the first, 
will be  added in order to  study  its effect on the former 
results. 

Spiking behavior in  the region of the  stability  point 
may be examined by expanding u1 and n about  their 
steady-state values u,, and n,. For the range of pump 
values W 2 W ,  and for the single  mode  case n, = n, 
and ul, = (p- - ntP+)/2al, as gven by (19) and (21), 
respectively. Let 

Ul = u1* + 21, n = n, + Y, (22) 
where x, << ul, and y << n,. Near  steady-state operation, 
the spontaneous emission term in (7) can  be dropped, 
as is indicated by  the large values of u1 implied by  the 
phase plane diagram of Fig. 1 and  the analysis of the 

1 s = ---A i w ,  (26) 
7 4  

where 

T d  = 2nt/P-,  (27) 

and 

w = {al(P-/nt - P+) - ( P - / Z ~ , ) ~  )1'2 (28) 

M {al(P-/nt - P+) 11/', (29) 

since &/2n, << al. 
An interesting feature of (28) is that it predicts an 

upper cutoff value W,,, beyond which there is  no spiking. 
Setting w = 0 yields a quadratic  equation  in W with 
the two solutions W ,  = W,, as expected, and 

W ,  A + 4nra1(l - n,) NN 4nta1(l - n,). (30) 

To suppress spiking in a typical  ruby laser, a  pump  ratio 
W J W ,  z lo4 would be required, which is  probably not 
practical. 

Now  consider  two-mode laser action for W 2 W,. 
If the analysis is carried forward in  the same  manner as 
for the single  mode  case, the following  cubic secular 
equation  is obtained: 

s3 + s2(az - a1 + P-/n,) 

+ s [ ~  (az - al) +2 (B;No)2nt(ul, + uZs)] n, 

+ 2(BlNo)'nt~s(a2 - ai) = 0. (31) 

As was shown above, however, uZa << ul,, so that  the uza 
term  in  the coefficient of s may  be dropped. Then (31) 
factors into a  product of a linear and a quadratic ex- 
pression in s. The  root s3 of the linear equation is 

s3 = -(a2 - a1). (32) 

If B ,  # B,,  (32) becomes 

(33) 

The  other  roots s ~ , ~  satisfy  the  quadratic  equation 

s;,z + n, P-s,., + 2(~ ,~ , )2n ,u , ,  = 0, (34) 
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which is identical  with (25) of the single mode  case. 
Consequently, the spiking frequency (2s)  and decay t,inle 
(27) are  the same.  Numerical values for t,hese quant,ities 
have also been determined from computer solutions of 
(31) over a  range of pump  rates IV, and agreement with 
values obtained from (27), (as), and (33) was found 
within one part in 10'. 

It appears, therefore, that  the net, effect, of the second 
mode is t,o introduce  a  pure decay constant, s,, which 
becomes larger the greater t.he ratio a2B1/a1Bp,  and which 
is chiefly  effective in the second  mode. The same spiking 
frequency is expected for both u1 and u,, although they 
may be  phase shifted  relative to one another. Con- 
sequently, the simple rate equation model,  even  when 
modified  t.0 include multimode operation, does not explain 
the irregular  spiking  frequently observed in laser  outputs. 

Laser action  in more than two modes is not analyzed 
here in detail because these  other modes must necessarily 
be  even further removed  from the primary mode ul, 
and consequently, should have  an even smaller effect 
on the spiking behavior. 

In  order to  evaluate  the model further,  a comparison 
was made between the theoret,ical spiking results and 
experimental data reported in  the  literature.  The two- 
mode analysis with a2 = l.Olal and B, = B, was  used 
in each case. The  quantity a1 was computed from (3) .  
All the necessary pert,inent data (t,emperature,  cavity 
geometry, reflectivity, chronium concentration, pump- 
to-threshold  ratio) were available  in only three of the 
five cases st,udied. Thus, it mas necessary to make rea- 
sonable est,imates for the values of t.he  missing quantihs. 
In addition, it was necessary to multiply (3) by  the  ratio 
1350/2030 = 0.66 for Case 4 in  order to adjust for the 
confocal mirrors. 

The linearized spiking period T = ~ T / W  and  the decay 
constant rd are given in  Table I toget.her with  their 
observed values, where  measured. Kote  that, a finite value 
of rd is reported  only for Case 3 and  that  the predicted 
value differs by  approximately 35 percent. The differences 
between the observed and computed values of the spiking 
period are 1.6, 1.5, 1.2, 0.1, and 2.3 ps, so that a  fair 
degree of agreement  between theory and experiment is 
obtained. 

TABLE I 
THEORETICAL AND EXPERIMENTAL VALCES OF 

THE SPIKING PERIOD T AND DECAY CONSTAST ~d 

Investigator W/W, Theoretical Experimental 
T ( P S )  T d ( P S )  7YcLs) T d P S )  

Maiman  et  al. [20] 2.00 4.1 206 -2.5 
Collins et al. [13] 1.40* 6 . 5  130 -5 
Gerber e t  al. [21] 1 .55 7.7 45 6 . 5  69 
Johnson et al. [22] 2.37 3 .6  27.8 3 .5  * 
Nelson and Boyle [l5] 1.20 8 .9  642 -6.6 m 

*Not reported 

Case 5  represents t,he experiment of Xelson and Boyle 
[ls], in which a ruby laser was operated continuously 
and maintained a t  liquid nitrogen  temperature, so that 
t,he assumpt,ions of a CW pump  and a constant fluorescent 
lifetime  are satisfied. The most significant result of that. 
experiment  was the absence of an observable decay of 
the spiking envelope. But (27) shows that  the decay 
,rate rdl will never vanish identically. Moreover, the phase 
plane diagram of Fig. 1 does not, admit to a  limit cycle 
as  a possible solution curve, as  has also  been shown by 
Makhov [4]. Kelson and Boyle state  that, t,he losses in 
the crystal  are  probably much larger than  the  trans- 
mission  losses, so that a high degree of mode coupling 
may be expec.ted. The simple model considered here does 
not, include these e€fects, and so, not, surprisingly, does 
not,  predict  undamped spiking. 

Gurs [23] has recently observed  damped spiking and 
nearly  constant  output by reducing  losses through  the 
use of a long cavit,y. It can  be  shown  from (27) that,, over 
some range of the  t'otal loss rate,  the decay constant rd 
decreases as t,he losses decrease, provided W / W ,  remains 
constant. Hence, the experiment,al results of Gurs provide 
some confirmation of this model. 

As a further check  on the spiking results  obtaincd 
above by expansion about  the steady-st,ate values of  Ohe 
variables, the time-dependent solutions of the two-mode 
rate equations were dekrmined  by direct numerical in- 
tegration.  They are presented in Figs. 5 and 6, using, for 
illustrative purposes only, values of t,he rate equation 
parameters  appropriate to t,he Nelson and Boyle [Is] 
case; t = 0 is arbitrary  and  represents  the  start of laser 
act,ion. The mode u2 is charact,erized by  the values 13, = B ,  
and a2 = l.OOla,. 

It can  be  seen  from Figs. 5 and 6 that  the decay time 
and spiking period are  not  constant even under the as- 
sumed  time-independent  pumping conditions, although 
they  are  smoothly  varying  functions of time which even- 
tually  approach  their predicted values near t,he st'eady 
st,ate. An  even  more  complicated variation  in t,hese quan- 
tities is therefore expected in pulsed operation. In addi- 
tion, it can  be seen that  the deviation of u1 and u, from 
their  steady-stat,e values ul, and uzs is sufficiently great 
t,o render a first order expansion  n1eaningless near the 
start of oscillations. 

These t,wo phenomena indicate that t.he good agree- 
ment obt,ained between the predicted  and observed values 
of the spiking period in  Table I may be fortuitous. It is 
suggested that  this agreement resulted from  underesti- 
mat,ing system losses, since only transmission losses were 
considered. Values of T computed  from (29) would then 
be too  large  and would  more nearly approximat-e the 
values near the  start of laser oscillation, where the spiking 
periods were  measured. To calculate or even estimate 
scattering  and diffraction losses for a given laser, however, 
is exceedingly difficult; and their values were not recorded 
in the  literature for the cases considered in  Table I. 
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Fig. 5. Plot of the  temporal behavior of U I  for Case 5 of Table I. 
The  steady-state value of ulS is 1.23 X lo-?. 
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Fig. 6. Plot of the  temporal  behavior of uz for  Case 5 of Table I. 
The  steady-state  value of uz8 is 5.25 X 

The simple space-independent rate  equation model 
so often used in  the description of laser dynamics was 
studied  in detail. It was found that, even when multi- 
mode operation is explicitly included, this model fails 
to account for irregular or undamped spiking, as well as 
multimode oscillations in  the  steady  state. These  phe- 
nomena  are described by  the model of [9] and [ll], how- 
ever. 

The assumption of a  time-independent  pump rate W 
is not considered to be the  primary shortcoming of the 
model, since it is only necessary that W remain  constant 
for a  time long compared  with  a spiking period in order 
that  the spiking description be meaningful. This condi- 
tion is usually satisfied even  under pulsed operation. It 
was shown in Section IV that  the expressions for the 
spiking parameters T and ‘Td obtained  from  the linearized 
solutions of the  rate equations generally provided  a poor 
description of spiking characteristics near  the  start of 
laser action, and  that  a more reliable description could 
be obtained only from the numerical solution of the full 
rate equations. Since the  advantage of simplicity of this 
model  would then be lost, another, more realist,ic approach 
should then be pursued, preferably, the density matrix 
model of Fleck and Kidder [24], which provides for direct 
mode  coupling. 
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Polarization  Selection  for  Reconstructed  Wavefronts and 
Application to Polarizing  Microholography 

Abstract-This article reports a phenomenon allowing the  phase 
reference  beam of the “two-beam,  carrier-frequency”  holography 
method of Leith and  Upatnieks  to  be  used as  a polarization reference 
as well. A technique for utilizing this  for selecting and recording a 
particular linearly polarized  component of the  image carrying beam 
is described  and applied to a unique  arrangement  for microholog- 
raphy. The  waves  reconstructed  by the technique  are  described 
mathematically  and compared to  waves  passed  by a polarizing 
microscope. Experimental confirmation of these  observations is 
presented. 

ABOR’S technique [I] for reconstructing wave- 
fronts has been successfully demonstrated for 
lensless  bright-field  microscopy [2] in which it 

offers the possibility of a t  least two important advant,ages 
over the conventional lens system. The hologram  per- 
manently records the three-dimensional specimen rather 
than  the usual two  dimensions of a conventional photo- 
micrograph which  is limited by  narrow dept.h of field. 
In  leadess systems, t.he resolut,ion limit imposed  by the 
numerical  aperture of the objective is replaced by that 
imposed by  the size and resolution of the hologram plate 

This technique can be extended directly t o  dark-field 
~31. 
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and  phase  contrast microscopy by the use of suiOable 
reconstructing lenses,  beam splitters, and  phase plates. 
However, the extension  t,o the polarizing microscope is 
complicated by  the loss of polarization information in the 
photographic process. This article reports an observation 
which  realizes this for the polarizing  microscope. 

In  the “two-beam, carrier-frequency” method first 
demonstrated  by  Leith  and  Upatnieks [4], a reference 
beam  is utilized to  preserve phase information and  to 
remove a sign ambiguity. In  this work, in addition, the 
reference  beam is exploited as a polarization reference. 
The linearly polarized  beam  from a gas laser with  Brewster 
angle  windows  was  used as a source. In  the interference 
process  which produces t,he hologram,  only the component 
of the signal beam which is polarized in the same direct,ion 
as the reference beam is recorded. 

Thus, when a birefringent crystal is  examined  where 
the  scattered light in  the signal beam contains a  range 
of polarization components, any part,icular linearly po- 
larized component  can be selected by  suitably  rotating  the 
polarization of the reference  beam with  wave plates. 
This serves as an analyzer, like in a polarizing micro- 
scope, as is demonstrated below by  a mathematical mode1 
and confirming experimental evidence. 

The linearly polarized  beam from the gas laser source 
can be  described by  the Jones vector [5] 

44 


