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Generation conditions in a ring laser with a nonlinear absorbing cell within the cavity are considered.
It is shown that under certain conditions narrow power resonances may appear in the laser radiation

which are due to both line burning and to interaction between modes at generation frequencies close
to the centers of the amplification and absorption lines. In the latter case, the power resonances may
be narrower than the resonances of a laser with a Fabry-Perot resonator.

1.

One of the effective methods of realizing highly
stable frequency sources in the visible and infrared
is the use of narrow resonances in the output of gas
lasers. Depending on the generation regime, the output
power of a laser is either a maximum at the center of
the gain line, or there is a dip in the center of the line
(the "Lamb dip"). However, the width of these resonances is relatively large (10 7 -10 9 Hz). Narrower resonances (~10 5 Hz) can be obtained in lasers using twocomponent media: absorbing and amplifying. Because
of the Lamb dip in the absorbing gas the output power
of the laser has a peak at the central absorption frequency. [1 - 51 This peak can be extremely narrow, since
the pressure and radiative decay time of the levels of
the gas in the absorbing cell can be rather low.
In this paper we shall investigate narrow resonances
in the radiation of a ring laser. Physically, the presence of resonances in the output power of a ring laser
is associated not only with the Lamb dip, but also with
the interaction of modes at frequencies close to the
centers of the gain curves [6- 141 or of the absorption
lines of the substance. Through the use of specific
regimes in the operation of a ring laser, it is possible
to obtain resonances in the output power of traveling
waves which can be narrower than the resonances of
a laser with a Fabry-Perot resonator.
2. Let us consider the generation regime of a ring
laser with nonlinear amplifying and absorbing media.
We represent the field of the laser E (x, t) in the form
of a superposition of two traveling waves:
E(x, t)

=

E 1 (t)cos(wt + «rt(t) - kx) +E2(t)cos(rot + <rdt) + kx),(1)

where w is the frequency and k is the wave vector.
In this case, if the parameters of the absorbing
substance are given a minus sign and those of the
amplifying substance a plus sign, the amplitudes Ei(t)
of the field will satisfy the following system of equations:
J~;

+ 1/)'I.,,J!o; = 1 / 2x+{1- a+s+~E;~- ~4s+,E/}E;
'/2x-{1- a_s_2£;2- ~_s_ZE}}E;.
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FIG. I

Conditions (3) impose definite requirements on the parameters of the two-component medium. The first of
these is that the weak-field gain coefficient be positive.
In this case there are soft regimes. The second of the
conditions (3) is the requirement that the nonlinear components of the polarization of the medium be negative
(we assume that a ~ (3 ~ 1). Only in this case, in the
framework of the model (2), is there a saturation effect
and the possibility of stable generation regimes.
When (3) is fulfilled, there are stationary solutions
of (2) that describe generation both in one traveling
wave (unidirectional laser emission) and in two traveling waves (standing wave generation).
It is easy to show that upon fulfillment of the condition
/(w) > 0,
where
(4)
/(ro) = 1i2[(a+- fl+)- J.L(a-- fl-)],

(2)

Here Aw is the width of the resonator line, K is the gain
coefficient for a weak field, and as, (3s are saturation
coefficients. We shall consider that the following conditions are fulfilled:

1-=-1
1
<'
I

J-f~--

(3)

the stable regime is a standing wave; otherwise generation occurs in a single traveling wave. The regions of
qualitatively different regimes are divided by the roots
of the equation f (w) = 0. In an approximation linear in
y jku this equation has the form
[1-L(s+)]-

where

\;= ro-roo,
kn

and
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w 0 , y,

~t[1-L(6-)]

T)=...!....,
kn

=0,

L(~)=[1+~~ ~).T',
.. -

(5)

ku are respectively the central frequency of
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(fW)

the Doppler line, the homogeneous line width, and the
Doppler line width.
The function f (w) vanishes at four points Wi. In case
all the roots of the equation f (w) = 0 are real, there are
five regions with different regimes (Fig. 1a). The output power of the traveling waves of the laser for y +
> y_ corresponding to this division is shown in Figs. 1,
b, c. The peak appearing between w2 and w3 in one wave
(and the dip corresponding to it at w()- in the other) is
determined by the width of the homogeneous line of the
absorbing gas and the mismatch I w 0 • - w()-1 between
the centers of the amplification and absorption lines.
When [(w 0 . - w()-)/r.l « 1. the width An of the given
resonance

v-- I We+- (J)o-

llQ--

l';.;-

I

V+

I

( 6)

I

can be much smaller than y_.ll If l(w 0. - w()-)/r.l ~ 10-2
and J-L 1 / 2 ~ 1, then An ~ 10-2y_. For mismatches
I "-o+ -w()-1 comparable to y., we have An ~ Y-·
It is interesting to note that although in the latter
case the width of the resonance is the same as in a
laser with a Fabry-Perot resonator and absorbing
cell, its nature is not associated with Lamb burning
of the Doppler line, but with the interaction of the
traveling waves of a ring laser: at frequencies w close
to w()-, but lying outside the interval An, the laser is
unidirectional; at frequencies within An, the laser generates in two waves.
Let us now consider in more detail the case when
the central frequencies of the amplifying and absorbing
media are close to each other: w 0 • ~ w()- ~ w 0 • If we
take terms of the order f1 2 into account in the polarization expansion, the function f (w) will have the form
J(w)='/2{[1-L(s+)l-!![1-L(q]-

For small

~

1J+2 +1l

~

11- 2}. (7)
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FIG. 2
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laser generation is unidirectional; outside this region,
f (w) > 0, and generation is in two traveling waves of
different intensities. The width of the resonance in each
of the waves is rather large: An ~ y JJ-L/(1 - 1-L )] 112 •
However, even in the case w 0 • ~ w()- it is possible under
certain conditions to expect narrow resonances in the
radiation of each of the traveling waves of a ring laser.
Actually, the function f (w), depending on its sign, determines the stability of the limiting cycle of solutions
Ei = E· and Ei 0, Ej = 0 of the system (2). As follows
from(~), f (w) has a sharp peak when w f'::< w 0 (see Fig. 2).
Thus, at frequency w f';; w()- the stability of the limiting
cycle for a solution of the form Ei 0, Ej = 0 (generation in one traveling wave) is low. The stability of the
limiting cycle of this solution can be still less if the
external mirrors, by inverse reflection of energy,
create a coupling between the traveling waves. Mathematically, this coupling can be taken into account by
introducing into the right hand side of (2) the term
1hAvEj cos(</\- cp ), where the parameter Av deter2
mines the so-called traveling-wave frequency trapping
band of a ring laser. [141 With this change, condition (4)
for the stability of the solutions of (2) is replaced by the
following:

*

*

/(w)

2

lected. The term (UTI)! may also be neglected in comparison with J-L(~/77)~, since in a laser with an absorbing
cell we have

Thus, for small

~.the

function f (w) is given by:

1 {
• 2
1
}
/{w)~ - p(-~)
+-TJ+2 <0.
2

For large

~,

1)

2

-

the function f (w) is close to
/(w) ~ 1/2(1-.11)

"1/tt-~l
~t G; <•> :'(; Wo- + Y-!-V _1-~t
ft_

lJWhen terms quadratic in 17 are taken into account, the right hand
side of ( 6) is replaced by
-:.:.{ (

<•>o~ \~ '''':-)' _ ~

(

;·,:

Jf'.

x=-llv/x+s+ 2 (E 12 + £22 ).

The intersection of the functions f (w) and x
- (Av / Aw )(R- 1)- 1 (where R is the excess of pump
power over threshold R0 = 1) determines the regions
of different radiation regimes. Three qualitatively
different regimes can be realized with a change in ~.
depending on the magnitude of x. In the case of most
interest to us, when the equation f (w) + x = 0 has four
roots, the dependence of the output power of the traveling waves on mismatch (~)-is shown in Fig. 2. The
width of the central peak is given by
f';;

llQ-

and greater than zero. The graph off (w) is shown in
Fig. 2.
In the frequency region
We-- Y+

+x>O,

Y-C !: -R~ -+1l+f'.
1

For a He-Ne laser the magnitude of

TJ!

(B)

is 10- 1 to 10- 2 •

It is easy to make the quantity (1/J-L}(Av/Aw)(R-1f 1 of

the same order, since it is determined by three controllable parameters (R, Av, Aw). For example, Av
can vary from 5 x 10 1 and higher. [141 Thus, in order
of magnitude we find
.c1Q

~

10-1 - 10-2y_,

(9)

With power stabilization (i.e., stabilization of R), the
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magnitude of .An can undoubtedly be decreased by another order of magnitude. If methane (y_ < 105 Hz) is
used as an absorber, for example, .An will be ~10 3 Hz).
It should be noted that even without an absorbing cell
the output power of the laser has a narrow resonance at
the center of the gain curve (Fig. 3). For the intensity
difference of the traveling waves, for example, it is
possible to obtain the following expression:
E, 2 -

1 -(£'- ~)-')'}''. (10)
El~(/:: 1 2 -t- F:,') \f 1 -[~,\,., l l - 1
2

FIG. 4

The wic....:h of the resonance can be considerably less
than the natural width of line y:
!IQ

~r

{..!..(_!._)2~ _1_}''•.
2 ku
1\w R-1

(11)

3. Experiments were performed with a He-Ne laser
at .X = 3.39 IJ.· Three plane mirrors with reflection coefficients R1 = R2 = 99% and R3 = 96% constituted the resonator in the form of an equilateral triangle with 100-cm
sides. One of the branches of the resonator contained a
gain tube of. length 85 em. Since the principal sources of
noise are traveling striations and ionic plasma oscillations, [15 l The discharge in the gain tube was excited by
a special combination of high-frequency and de currents.
The absorbing cell, in another leg of the resonator, was
a tube of length 100 em and internal diameter 2 em
filled with gaseous methane, the pressure of which was
varied within the limits 10-3 to 10- 1 Torr. One of the
resonator mirrors was affixed to a piezoceramic driven
with a sawtooth voltage. The radiation of each of the
laser waves was extracted from the resonator through
one of the mirrors and registered by aGe-Au photodetector cooled with liquid nitrogen. The signal from the
photodetector was applied to the vertical input of an
oscilloscope. The horizontal scan of the oscilloscope
was provided by a voltage from the generator which
drove the piezoceramic. As a result, the oscilloscope
registers the laser output as a function of generation
frequency.
On scanning the frequency over the Doppler line, one
could observe on a dual-beam oscilloscope the regimes
of laser radiation both in the traveling waves and in the
standing waves. Since the gain of the He-Ne laser at
3.39 IJ. is rather high and the resonator length was about
3 x 102 em, the radiation pattern was rather complex.
This could have been due both to competition of adjacent
axial modes and to the interaction of traveling waves
with the same wave vector. Figure 4 shows an oscillogram of the power of one of the traveling waves as a

+'.

~<
FIG. 3

"'

FIG. 5

function of resonator frequency, which includes a peak
at the central frequency of CH 4 • The other wave has a
dip (cf. Fig. 1). The CH4 pressure in the cell was 3
X 10-2 Torr, that of the He-Ne mixture was 4 Torr.
The half-width of the peak was An ~300kHz. The
separation between the maxima of the gain and absorption curves was rather great in this case. Hence the
width of the peak, as expected (see Eq. (6)), was of the
order of the width of the natural emission line of methane. Remember that in this case the nature of the resonance is not due to Lamb burning of the absorption
line, but by the interaction of the traveling waves of
the ring laser.
It is interesting that when the methane pressure was
changed, the boundary of the region of stability of the
standing wave (point b, Fig. 4) shifted relative to the
generation peak (point a) until they coincided (at low
methane pressures). The physics of this is the following. With decreasing CH 4 pressure, the quantity IJ. we
introduced above decreases, and the root w 4 of the
equation f (w) = 0 approaches the root w 3 (see Fig. 1).
For sufficiently small JJ., the roots come together. In
this case the center of the absorption line falls in the
region of stability of the standing wave and generation
of the ring laser at w ~ Wo- will not differ from that of
a Fabry-Perot laser.
Note that the frequency regions in which is realized
the regime of unidirectional generation for a ring laser
with an absorbing cell and without it are essentially
different. In the first case this region can be considerably greater than in the second.
Figure 5 is an oscillogram showing unidirectional
generation of a ring laser with an absorbing cell and
generation in two traveling waves. The region of frequencies in which unidirectional generation exists is
shown in the center of the oscillogram and is 75 MHz
wide in this case. The He-Ne pressure was ~4 Torr,
that of the methane ~9 x 10-3 Torr. At these pressures
the methane peak is gone, because of the interaction of
laser modes. The reason for this was discussed above.
At the same time, the emission peak associated with
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Lamb burning of the absorbing gas is not observed,
although in this case generation of the laser at w ~ wooccurs as a standing wave. The latter, evidently, is a
consequence of the fact that at such low pressure of
methane the saturation effect is small and the resolution of the apparatus does not permit registration of
the peak in the output.
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