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We consider a ty;pe  of laser   osc i l la t ion  
wherein the   l a se r  modes oscillate  with  approxi- 
mately FM phases and nearly  Bessel  function 
amplitudes, and thereby  cowrise  the  sidebands 
of a  frequency-modulated l ight  signal.  This 
type of FM osc i l la t ion  i s  induced by an in t ra -  
cavity phase  perturbation which is driven at  a 
frequency which i s  ayproximately,  but  not  exactly, 
t h a t  of t he   ax ia l  mode spacing. The resul t ing 
laser   osc i l la t ion   f requency   my,   in   e f fec t ,  be 
swept over t he   en t i r e  Doppler  linewidt'n. A f i r s t  
order  theory, some experimental  results, and  an 
interesting  application  are  considered. 

Introduction 

A typical  present day gas   laser   osci l la tes  
i n  a la rge  number  of re la t ive ly  independent a x i d  
modes. These modes are  driven by spontaneous 
emission;  they  saturate  essentially  independently; 
and a re ,   t o  a good approximation,  uncoupled. The 
output of  such a   l aser  i s  not  nearly as coherent 
as  might be des i red   for  m y  communication  and 
spectroscopic  applications. 

FM osc i l la t ion  of a He-Ne 1aser . i  Such osc i l la t ion  
i s  achieved by the   u t i l i za t ion  of an intra-cavity 
phase  perturbation; and i s  a  parametric  oscilla- 
t ion  wherein the  previously uncoupled l a s e r  d e s  
become the  spectral  components or  sidebands of a 
frequency  modulated light signal.  The in t ra -  
cavity phase perturbation i s  dr iven   a t  a f re -  
quency  which is approximately, but  not  exactly, 
the  frequency of the axial mode spacing (i. e., 
C/2L cycles  per second,  where L i s  the  length 
of the  optical   resonator).  The resu l t ing   l aser  
osc i l la t ion   cons is t s  of a s e t  of modes which  have 
nearly  Bessel  function  amplitudes and FM phases; 
and which, in   e f fec t ,  is swept over t he   en t i r e  
Doppler linewidth a t  a sweep frequency which i s  
approximately  that of t h e   a x i a l  mode spacing. 

la t ion,  FM l a se r   o sc i l l a t ion  i s  truly  coherent.  
Both the  re la t ive amplitude and re la t ive  phase 
of i t s  spectral. components are  completely  speci- 
f ied.  In fac t ,  Massey, Oshman, and  Targ2  have 
demonstrated that   the   output  from  an FM l a s e r  may 
be converted t o  a single and essent ia l ly  mono- 
chromatic  optical  signal  containing all of the 
power previously  distributed between the  spectral  
components of the FM signal.  

Recently, Harris and Targ  have  demonstrated 

As opposed t o  normdl multi-mode laser   osc i l -  

In the  following  sections we consider a 
l inear  theory of FM laser   osci l la t ion,   descr ibe 
t h e   i n i t i a l  experiments and experimental  tech- 
niques, and discuss   a   par t icular ly   inters t ing 
application of the FM l aser .  Before  proceeding, 
it should  be  noted t h a t  an al ternate  method  of 
es tabl ishing  laser  coherence  has been  proposed 
and demonstrated e a r l i e r  by Hargrove, e t  al. ,3  who 
u t i l i z e d  an intra-cavity  time-varying loss t o  
achieve an AM type  phase  locking  wherein  the  laser 
modes oscillated  with  nearly  equal  amplitudes and 
AM phases;   with  the  result   that   the time domain 
output  consisted of a per iodic   se t  of extremely 
narrow pulses. Such AM typ phase locking  has 
been analyzed by  DDomenicot  and Yariv.5 It 
should  also be noted  that   the   effect  of phase 
perturbations on a passive  resonant  oFtical  cavity 
was f i r s t  considered by  Gordon and Rigder!. 6 The 
"on-frequency" case of a time-varying  phase  pertur- 
ba t ion   in  an act ive  cavi ty  was f i r s t  considered 
by  Yariv.577 The "off-frequency"  case,  i.e., that 
of steady-state FM l aser   osc i l la t ion ,  was f i r s t  
considered by Harris and McD~lff ,~ and w i l l  be 
described  in  the  following  section. 

F i r s t  Order  Theory 

A f irst  order  theory of FM la se r   o sc i l l a t ion  
may be obtained by u t i l i z i n g  a s e t  of equations 
derived by Lamb,9 and termed as "self-consistency" 
equations. These equations  describe  the  effect of 
an arbi t rary  opt ical   polar izat ion on an opt ica l  
cavity, and are  as  follows: 

and 

in + $ (< ) En - - $ (t ) S n ( t )  . ( l b )  - 

In   the above equations, E , V , and 'pn are  
the amplitude,  frequency,tnand base,   respect ively,  
of the  nth  cavi ty  mode; and & ( t )  and Sn( t )  
are  the  in-phase and quadrature comDonents  of i t s  
driving  polarization. That i s ,   t he   t o t a l   cav i ty  
electromagnetic  field i s  given 

'Following Lamb's notation, we adopt the con- 
vention  that a l l  symbols for   f requencies   shal l  
denote  circular  frequencies. 
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where Un(Z) = s in  n x %/L ; and the  polarization 
driving  the nth mode has  the form 

Other symbols are  defined  as  follows: Qn = f re -  
quency of the nth  mode i n   t h e  absence of a dr iv-  
ing  polarization; A l2 = frequency  interval between 
axial modes (A l2 = x c/L) ; &n = Q of the  nth 
mode; V = average  optical  frequency. Once the 
cavity  polarization,  Pn(t)  , and therefore 
CJt) and Sn(t)   are  known i n  terms of G(t) j 
then Eqs. ( l a )  and ( l b )  completely  determine  the 
amplitude,  frequency, and  phase of the   op t ica l   f re -  
quency osci l la t ions.  

parametric  contribution  resulting from the   in t ra -  
cavity  time-varying  dielectric  perturbation, and 
of an atomic contribution  result ing from the  pres- 
ence of the  inverted atomic media. The d i e l e c t r i c  
or phase perturbation might be accomplished by 
means of an e lec t ro-opt ic .c rys ta l   s i tua ted   a t  one 
end  of the  laser  cavity,  or  perhaps by some type 
of acoustic  mirror  vibration. We assume the phase 
per turbat ion  to  have  an instantaneous  phase  retar- 
dation of 6 cos V,t radians, where 6 i s  the 
peak  phase retardation which an opt ical   s ignal  
col lects  on a single one-way pass  through  the 
perturbing element,  and Vm i s  the  driving fre- 
quency. We a lso  assume that   the   per turbat ion is 
s i tua t ed   a t  one end  of the  laser  cavity,  and t h a t  
it occupies a length which is only 8 small f rac-  
t ion  of the   to ta l   cav i ty   l ength .   I f   the   cav i ty  
Q is s f l i c i e n t l y  high that   only  the  contributions 
of immediately  adjacent modes need  be retained, 
then it may be shown8 that the  parametric  polari- 
zation  driving  the  nth  cavity mode is given 

The cavity  polarization  Pn(t)   consists of a 

bY 

mode pulling and pushing,  and non-linear  coupling 
effects .  We next resolve  Pn(t) of  Eq. ( 3 )  i n t o  
in-phase and quadrature components of the form of 
Eq. (2b).  We then add the atomic po la r i zab i l i t y  
terms, and substi tute  the  result ing  Cn(t)  and 
Sn( t )   in to  Eqs. ( l a )  and (lb),   respectively.  The 
oscillation  frequency of the   nth mode, i . e . ,  & , 
i s  assumed t o  be tha t  of some central  mode w b s e  
oscillation  frequency i s  Qo , plus nvm . Thus 
no + nVm - S?., = n A V  where AV i s  the  frequency 
difference between the modulation  frequency and 
the   ax ia l  mode spacing  frequency.  Equations (la) 
and ( lb)   then become 

We are   interested  in   the  possible   s teady-state  
solutions of Eqs. (ha) and (hb) and thus s e t  
& = @n = O . We d s o  define 

and 

2c8 

Thus a particulax  cavity mode i s  driven by only 
the immediately  adjacent  cavity modes. It might 
be  noted  again  that Eq. (3)  implies a  phase per- 
turbation which occupies  only a smal l  f ract ion of 
the   to ta l   cav i ty   l ength .  If a longer  perturbing 
element i s  used, i t s  spa t ia l   var ia t ion  i s  of par- 
t i c u l a r  importance. For instance, it may readi ly  
be sham  that  a perturbation which uniformly f i l l s  
the   en t i re   l aser   cav i ty  will produce no driving 
polar izat ion  a t   adjacent  modes. 

polarization by means of macroscopic  quadrature 
and in-phase components of susceptibility,  denoted 
by and , respectively.  In an exact  theory,g 
q' and depend upon 5 end thereby include 
the   e f fec ts  of atomic saturation, power dependent 

We introduce  the atomic contribution t o  the 

I f  we drop  the  term 1/2 % from Eq. (b), and 
thereby  neglect mode pul l ing  effects  , then Eqs. (ha) 
and (4b) become 

En = -[En+1 cos Qn+l + En-1 cos  Qn]  (6a) 2n 
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The form of the  solution of Eqs. (6)  depends 
on the   r e l a t ive  magnitude of r and pn . In  
order t o  obtain a perfect ly  pure FM signal,  it i s  
necessary t o  assums t h a t  Pn = m f o r  all modes 
from n = - t o  n = +m . Then,  by noting  the 
Bessel  identity 

it i s  seen t h a t  Eqs. (6) have the  solution 
En = Jn(r) and 

On = Qn+l - - x . 

The E and en may be subst i tuted  into Eq. (2a) 
t o   y i e l 8  a cavity  electromagnetic  given by 

where a change of var iable   in   the mode number has 
been made such t h a t  ITo i s  now the   cen t ra l   o r  
car r ie r  mode of the  J34 signal.  

t o   t h e   n e t  or excess  laser  gain  in  the  presence of 
the  parametric  oscillation;  i .e.,  X; and there- 
fore  pn depend on E, . For a free-running 
laser   (with no  parametric  perturbation) , all modes 
would sa tura te   a t   ga in  = loss  and therefore pn 
would  be i n f i n i t e   f o r  all osc i l la t ing  modes. How- 
ever,  in  the  presence of a perturbation which i t s e l f  
e f fec ts   the  mode amplitudes, t h i s  could no longer 
be the  case. It i s  thus  expected  that some or 
perhaps a great   deal  of d i s tor t ion  of the   idea l  
solution should  be  present  in an actual   laser .  
The exact  evaluation of t h i s   d i s to r t ion  mast await 
the  solution of the  non-linear problem. 

standard  trigometric and Bessel  identit ies,  Eq. (9) 
may be put  into  the  closed form: 

The quantity pn i s  inversely  proportional 

It i s  of i n t e r e s t   t o   n o t e   t h a t  by the  use of 

+ r sin(v t + E 
L m L  

L J 

1 - -  [ L 

N0nz 
s in  Clot - - + r sin(vmt - %) 

which consis ts  of  two FM t ravel ing waves,  moving 
in  opposite  directions.  Equation (10) may be 
fur ther  reduced to   the  s tanding wave form 

+ r cos Vmt s i n  

It may be noted  that  at any particules  point of 
space  within  the  cavity,  the  total  electromagnetic 
f i e l d  i s  not  frequency modulated. 

Experimental 

In  this section we w i l l  review the   r e su l t s  of 
the FM l a s e r  experiments  reported by Harris and 
TargJ1  and discuss some of the  techniques which 
may be  used t o  study FM laser   osc i l la t ion .  

was obtained by u t i l i z ing   the   e lec t ro-opt ic   e f fec t  
i n  a 1 em long crys ta l  of KH ~0~ (KDP) s i tuated 
i n  a 100 MC tuned  circuit .  &e crys ta l  was an t i -  
reflection  coated and placed  near one mirror of 
the  laser  cavity.  I ts  or ientat ion was such t h a t  
the  l ight   t raveled  a long i t s  optic axis,  and such 
t h a t  one  of its e l e c t r i c a l l y  induced principal 
axes was along  the  direction of the   l aser   po lar i -  
zation.  In  this  orientation  the  crystal   should 
ideally  introduce a pure  phase per turbat ion  into 
the  laser  cavity.  An r f  power input of 2 watts 
was s u f f i c i e n t   t o  produce a single-pass  phase 
retardat ion 6 of about 0.05 radians at  the 
optical  frequency. The l a s e r  used in   these  ex- 
periments was a Spectra-Physics He-Ne  Model 
U6. , operated a t  632851.  The a x i d  mode spacing 
was 100.5 Me.  Due to   t he   l a rge   i n se r t ion  loss 
caused  by the KDP crystal ,  it was necessary t o  
operate  the  laser  with  nearly opaque mirrors. An 
output power  of about 0.1 mw was obtained by 
specular  reflection from the Brewster  angle 
windows. 

Three techniques were useful  in  studying FM 
la se r   o sc i l l a t ion .  These  were: (1) Observation 
of the  laser  beat  notes on an rf spectrum analyzq  
(2) Demodulation of the FM signal by  means  of  a 
Michelson interferometer and a birefr ingent   dis-  
criminator, and (3) The examination of t he   l a se r  
mode amplitude by  means  of a scanning  Fabry-Perot 
interferometer. A schematic of the  experimental 
arrangelnent i s  shown in  Fig.  1. 

observed t h a t  FM l a se r   o sc i l l a t ion  could not  be 
obtained  unless  the  modulation  frequency was suf- 
f i c i e n t l y  detuned  from the   ax ia l  mode spacing fre- 
quency. The necessary  detuning was approximately 
250 kc, and was somewhat dependent on the  s ingle  
pass  phase  retardation 6 . 

If the  modulation  frequency was detuned  from 
the a x i a l  mode in te rva l  by  250 kc, and 6 were 
then  increased,  then at  a 6 of about .Ob, 

In   these experiments, the phase perturbation 

In all of the experiments, it was consistently 
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a  quenching of the  or iginal   laser   beat   notes  was 
observed.  After  quenching of the  or iginal  axial 
beat  notes,  a small amount of rf   beat power was 
observed at harmonics of the modulation  frequency. 
A t  the second  and th i rd  harmonics, t h i s  power 
l e v e l  was 25 dB below tha t  of the  original  beat 
amplitude. A t  the  fundamental and fourth  har- 
monies, t h i s   l e v e l  was a t   l e a s t   1 2  dB below tha t  
of the  or iginal   s ignal .  Hcwever, measurements 
a t   t h e   l a t t e r  two frequencies were l imited by 
pickup and poor  photomultiplier  sensitivity, 
respectively. 

accomplished by using  both  a Michelson in te r fe r -  
omete&O and a birefr ingent   discr iminator . l l ,u  
Both instruments  function by separating  the  inci-  
dent  optical   signal  into two components which 
travel  different  path  lengths and then  interfere. 
The result ing  intensity  transmission  characterist ic 
is t h a t  of Fig. 2. The periodicity of the  charac- 
t e r i s t i c  i s  determined by gross   differences  in  
path  length  traveled by the two components of the 
opt ical   s ignal .  Its exact  position on the   f re -  
quency scale  has been  termed as   the   b ias  of the 
interferometer, and i s  determined by f ine  var i -  
ations of optical  path  difference. It may be 

lation  depth r is incident on either  a  properly 
biased Michelson Interferomter   or   bi refr ingent  
discriminator,  the per cent  amplitude  modulation 
a t   t h e  fundamental  frequency of the  transmitted 
l igh t   s igna l  i s  given by 

Direct  demodulation of the FM signal  was 

t h a t   i f  an FM l ight   s ignal   with  a  modu- 

where f i s  the modulation  frequency, and fOm 
i s  t h a t  Prequency a t  which the   re la t ive  time 
delay between the two optical   path  lengths i s  one- 
half  wavelength.  For very low r's it is thus 
advantageous t o  choose the  relative  time  delay 
equal t o  one-half  wavelength a t   t h e  modulation 
frequency,  For  higher F's th i s   r e l a t ive  time- 
delay must  be correspondingly  shortened. 

by varying  the  path  length of the  interfer-  
ometer, and observing  the  value a t  which the modu- 
lation  index m was maximized, it was possible 
t o  determine r . In  our  experiments  ranged 
tetween  about 2 and 6. To within  a  factor of two, 
its value was found t o  be correctly  predicted by 
Eq. (5a). It may be  noted t h a t   a t  a  modulation 
frequency of 100 Mc, a r of 6 corresponds t o  
a  peak-to-peak  frequency swing of 1200 Mc. 

The most s t r iking results of our  experiments 
were obtained by u t i l i za t ion  of a  Spectra-Physics 
scanning  interferometer,  thus  allowing  the  direct 
display cf l a s e r  mode amplitude  versus  frequency. 
The resu l t s   a re  shown in  Fig.  3. In   the absence 
of modulation, t he   l a se r  modes appeer  as  in 
Fig. 3a. As the  modulation  depth is increased, 
the  central  mode amplitude f a l l s ,  and the f irst  
pair  of sidebands  increase. A t  s t i l l  larger  modu- 
lation  depths,   the second and th i rd   pa i r  of side- 
bands  achieve  significant  amplitude, and there is 
a  general  diffusion of  power toward the wings of 
the Doppler l ine.   Fig.  3 i s  captioned  both i n  

terms of the  internal   dr ive  s t rength 6 , and in 
terms of the r t o  which the resulting mode in-  
tensity  amplitudes [ ~ g  (r) ] appear t o  correspond. 

Application 

One extremely  interesting  application of the 
FM laser   has  been suggested by  Massey, and demon- 
s t ra ted  by  Massey, Oshman, and Targ.2 I n   t h e i r  
experiments,  they  took  the  output  light  signal  from 
the FM l a s e r  and passed it through an external 
phase  modulator which was d r iven   a t  a exactly 
equal t o   t h a t   a t  which the FM l a s e r  was running. 
By properly  adjusting  the phase of the  external 
modulator  with  respect t o   t h a t  of the  internal  
modulator, the  resul t ing  l ight   s ignal   could be 
made t o  have a  resultant  frequency  deviation rR 
anywhere between 0 and 2F . In  particulai., 
when was adjusted t o  zero,  then all of the 
energy h a t  was previously  distributed between the 
various  sidebands of the FM laser  signal  appeared 
i n  a  single "super-mode" -- as  it has been  termed 
by Targ. In  other words, the  function of the 
second modulator is t o  convert  the  output of the 
FM l a se r   i n to   a   l i gh t   s igna l  which i s  no longer 
frequency modulated, but which contains all of the 
power  of the  or iginal  FM signal.  A schematic of 
their  experimental  arrangement i s  shown in  Fig. 4. 

It should however be noted that the   e f fec t  of 
saturation on the  behavior of the FM laser   has   not  
at t h i s  time been properly  considered. Thus it i s  
not  certain  whether  the FM l a s e r  w i l l  run a t  high 
power levels,  and the   func t iona l   u t i l i t y  of the 
llsuper-mode" technique  remains t o  be determined. 
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Fig.  1-Schematic of experimental  arrangement. 
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Fig.  2-Transmission  versus  frequency  for  the two 
different  biases of a  birefringent  discriminator 
or  a  Michelson interferometer. 
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Fig. 4-Conversion of F M  light to single frequency 
light. 

Fig. 3-Laser mode  amplitude versus optical fre- 
quency for variable modulation depth. 
(a) free running laser 
(b) 6 = 0.045 r - 2 
(c) d = 0.063 r - 2.2 
(d) 6 = 0.069 r .y 2.4 
(e) = 0.072 r - 3 
(f)  = 0.088 r -4.5 
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