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The dynamics of emission line narrowing for a laser with feedback from a surface or volume 
scatterer is investigated theoretically ~d experimentally. In contrast to masers with reson
ant feedback, line narrowing in these lasers is a fairly slow process. Therefore the emission 
line width during pulsed operation is limited by the duration of oscillation. 

WE have previously[1] proposed a type of laser 
in which feedback occurs through backscattering of 
emitted radiation. Feedback from scattering parti
cles exhibits no sharp resonances at the selected 
frequencies that characterize Fabry-Perot resona
tors ~d is nonresonant in this sense. Laser emis
sion with nonreson~t feedback possesses proper
ties that differ greatly from the emission proper
ties of ordinary lasers with reson~t feedback. 
The most import~t difference consists in the fact 
that the central emission frequency is determined 
by the reson~t frequency of the active substance 
rather th~ by the resonator. Other important dis
tinctive characteristics are the absence of space 
coherence, the dynamics of line narrowing, and the 
statistical properties. Some properties of emission 
by a ruby laser with feedback from a scatterer 
(intensity pulsation, space coherence, divergence) 
have been investigated in [2 J . The present paper 
reports a theoretical ~d experimental study of 
~other import~t aspect, the dynamics of emission 
line narrowing for a laser with feedback from sur
face and volume scatterers. 

1. THEORY 

In a laser having a Fabry-Perot resonator, after 
the threshold is reached generation proceeds at the 
spatiilllY resonant frequencies of the electromag
netic field in the resonator. Generation begins with 
the amplification of spont~eous noise, but the 
Fabry-Perot resonator ensures effective develop
ment only of the standing waves representing its 
resonant modes. [3] Therefore line narrowing in 
lasers with reson~t feedback occurs very rapidly. 
For example, the line width for the single mode of 
a Q-switched laser[4J is practically determined by 
the pulse duration, which is comparable with the 

buildup time of oscillations following Q-switching. 
The narrowing of the emission line in lasers 

with feedback from scattering particles is of en
tirely different character. The absence of space 
reson~ces of the electromagnetic field here re
sults in line narrowing through the resonant char
acter of amplification in the active medium. Here 
the narrowing depends on the predomin~t amplifi
cation of emission at frequencies near the lumines
cence line maximum of the active medium. Except 
for the oscillation buildup time the narrowing proc
ess in a time t in a laser with nonreson~t feedback 
resembles the narrowing of the signal in a travel
ing-wave amplifier of length l = ct, where c is the 
velocity of light, if the luminescence line width ~d 
the gain per unit length of the active medium are 
identical. 

The dynamics of emission line narrowing for a 
laser with nonresonant feedback and with a homo
geneously broadened active-medium line can be 
described by the rate equations for the spectral 
density J(v, t) of photons and the density N(t) of the 
active particles: 

_a_J(_v_,t'--) +cv(v)/(v,t) = ccr(v)N(t)/(v,t) + Wsp(v) 
at 

aN(t) 1 '( 
--+-(N-N0 ) =-2N(t)) cr(v)/(v,t)dv, 

at T1 o 
(1) 

where cy( v) is the reciprocal lifetime of a photon 
in a stochastic resonator, <T(v) is the cross section 
for a radiative transition between levels, N0 is the 
density of inverted population, determined by pump
ing, in the absence of emission, a(v) N(t) is the gain 
per unit length at the frequency v, ~d W sp is the 
rate of spont~eous emission by active particles in 
the laser. Equation (1) does not include terms con
taining derivatives with respect to v which are as-
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sociated with the redistribution of radiation within 
a line such as that resulting from the Brownian 
motion of the scattering particles[2J etc. and which 
determine the finite laser emission line width. 
Therefore the equations (1) describe unlimited 
narrowing of the line. The spontaneous emission 
term in (1) can be neglected in calculating the emis
sion line narrowing. 

After the first equation in ( 1) has been integra
ted with respect to frequency the resulting balance 
equations for the total numbers of active particles 
and photons describe the familiar[ 5J damped pulsa-

oo 

tions of the total emission intensity I(t) = J J( v, t) dv 
0 

and the subsequent steady-state yield. The tem-
poral dependence J( v, t) of line width is most im
portant for our problem. We integrate the first 
equation in ( 1) with respect to time: 

t 

J(v,t) =lo(v) exp{ ca(v) ~ N(t')dt'-cy(v)t}, (2) 
0 

where J 0( v) = J( v, 0) depends on the spontaneous 
emission line shape. 

Let us consider the asymptotic behavior of the 
spectrum when the number N(t) of active particles 
and the total emission intensity I(t) are close to 
their steady-state values and we can assume N(t) 
= Nst + n(t), with I n(t) I « Nst· Equation (2) can 
then be transformed into 

J(v, t);::::;: J~) exp {c[a(v)Nst- y(v)]t}, 

where we have neglected the factor 
t 

(3) 

exp [cu(v) J n(t'ldt'] describing small pulsations of 
0 

intensity about the steady-state value. 
Let us assume frequency-independent loss y( v) 

=Yo and a Lorentzian shape of the active-medium 
line {u(v) = u0[1 + ((v- v0)/ 6vL) 2r 1}. Then Nst 
= y 0ju0 and, in view of the fact that the emission 
line in the present asymptotic case is extremely 
narrower than the active-medium line 
(I v- v01 « 6 vL), Eq. (3) becomes 

10-3(,1JlL/M)z 
1,00 

yL=5 
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0 
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FIG. 1. Line width L'.v(t) and total intensity I(t) of emis
sion from a laser with nonresonant feedback in the region of 
intensity pulsations. 

The asymptotic formula (5) for line width at time t 
in a laser with nonresonant feedback coincides with 
the formula for the output signal width of a travel
ing-wave amplifier of length l = ct. [s-al The given 
narrowing by the factor 103 would be achieved by 
an amplifier of length l ~ 300 km! 

As already mentioned, Eq. ( 5) applies to the 
region of small intensity pulsations. In the region 
of strong pulsations, where between spikes the 
gain drops considerably below a 0 , the mean rate of 
line narrowing is reduced and the line-narrowing 
law approaches (5) only as the pulsations are 
damped. A detailed representation of line narrow
ing in the transition region can be obtained through 
numerical integration of the equations in ( 1) . Fig-
ure 1 shows the time dependences of emission line 
width and emission intensity for a laser with non
resonant feedback that were obtained in this way. 
The horizontal axis represents time in units of 

~ { (V-V0)2} J (v, t) ~ J (v) exp - ca0t L\vL , 

T0 = 2 L/ c ( L is the laser length) ; the vertical axis 
(4) represents (6 vLf 6 v) 2 and the total intensity in 

arbitrary units. 
where a 0 = u0Nst is the steady-state gain of the 
line maximum (a 0 = y 0). From ( 4) we obtain the 
emission line width at half-maximum: 

The solution represented in Fig. 1 was obtained 
for a relatively high pumping rate, when the spike 
spacing was small. It can be seen that practically 

(5) no narrowing occurs between spikes, but only within 
the regions of the latter. At low pumping rates, 

Emission line narrowing in a laser with non- when the spike separations increase and the emis-
resonant feedback occurs quite slowly. For exam- sion intensity between spikes becomes comparable 
ple, with a ruby as the active medium (a 0 ~ 0.1 cm- 1, with the spontaneous emission level, the spontaneous 
26 vL ~ 5 x 1011 cps) in a time t ~ 10-3 sec the line noise begins to make an appreciable contribution. 
is narrowed only to 4 x 108 cps (by a factor of 103). Spontaneous emission leads to broadening of the 
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FIG. 2. Experimental arrangement. 1 - laser with 
nonresonant feedback, 2 - scatterer, 3 - ruby crystal, 
4 - spherical exit mirror, 5 - Fabry-Perot interferom
eter, 6 -high-speed camera, 7- entrance slit, 8 -
rotating mirror, 9 - photographic film. 

emission spectrum between spikes, i.e., to pulsa
tions of the line width. The line is narrowed on the 
average, since the narrowing of the spikes exceeds 
the broadening between spikes, but the rate of nar
rowing is considerably slower than would be calcu
lated from Eq. ( 5). 

2. EXPERIMENT 

The dynamics of emission line narrowing for a 
ruby laser with nonresonant feedback has been in
vestigated experimentally. The design and parame
ters of the laser have been described in[ 1•2l, and 
the experimental arrangement is represented in 
Fig. 2. The spectrum obtained with a Fabry-Perot 
interferometer was scanned by a high-speed SFR 
camera. The surface scatterers were a magnesium 
oxide film and matte white paper; the volume scat-

terers were sulfur hydrosol and smoke aerosol. 
With these scatterers we were able to elucidate the 
influence of different types of scatterers on the 
laser emission spectrum. 

Figure 3a shows the emission spectrum obtained 
with the magnesium oxide surface scatterer. The 
separation of Fabry- Perot orders was 0. 5 em - 1. The 
gradual narrowing of the emission line during the 
oscillation period is clearly visible. Curve a in 
Fig. 4 shows the time dependence of the emission 
line width .6. v obtained from measurements on the 
Fabry-Perot pattern Fig. 3a (.6-v in cm- 1); the or
dinate axis represents I/ (.6. v) 2 . In the region of 
strong pulsations the line narrowing rate is slowed, 
but with pulsation damping the narrowing rate in
creases to the value given by (5). For the purpose 
of comparison with experiment (5) is expressed 
more conveniently by 

b 

a 

FIG. 3. Laser emission line with a) magnesium oxide scatterer, b) matte white paper scatterer. 
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1 ( 6) ct ln k 
---

ln 2 (>2L1vL) 2 L ' 

where k is the threshold gain in one passage 
through the active medium, Lis the distance be
tween the scatterer and the mirror, and c is the 
average velocity of light in the laser. In our ex
periment k:::::: 150, L:::::: 100 em, c:::::: 2.4 x 1010 em/sec, 
and 2£:. vL :::::: 12 cm-1. The solid rectilinear portion 
of curve a in Fig. 4 is the theoretical dependence 
calculated from ( 6). As already mentioned, the re
duced rate of line narrowing in the transition region 
is accounted for by the fact that gain in the inter
vals between spikes is lower than in the spikes 
themselves. 

Figure 3b shows the oscillation spectrum ob
tained with matte white paper as the surface scat
terer. The separation of Fabry-Perot interference 
orders is 0.2 cm- 1. In this case, because of the 
lower albedo we have the threshold gain k:::::: 250. 
Curve b in Fig. 4 represents the experimental 
function 1/ (l:. v) 2 measured from the Fabry-Perot 
pattern Fig. 3b and the theoretical dependence 
(the solid curve) calculated from (6). The agree
ment between experiment and the theoretical 
formula ( 6) in the region of its applicability can be 
considered satisfactory. 1> 

The dynamics of emission line narrowing can be 
investigated suitably by interrupting oscillation 
with a strong external signal (laser quenching) and 
observing the renewed oscillation. This procedure 
provides more accurate observation of the thres
hold time t0. Quenching was performed experimen
tally as follows. A pulse from a conventional ruby 
laser with modulated Q was directed at the scat
terer. A portion of the radiation was scattered into 
the active medium of the laser with nonresonant 
feedback; this dropped the gain below threshold. 
Oscillation was interrupted and the renewed oscilla
tion began with a broader line. The frequency of 
the external pulse differed from oscillation fre
quency by ~ 1 cm- 1. Figure 5 shows the emission 
spectrum of a laser with feedback from a matte 
white paper surface scatterer. The separation of 
the Fabry-Perot interference orders is 0.2 cm- 1. 

Figure 6 shows line widths measured on the Fabry
Perot pattern in Fig. 5. Oscillation was interrup
ted at time t = 0. The (solid) theoretical curve fits 
the experimental points. 

1 )Figure 3 shows that the oscillation line is sometimes re
broadened and that oscillation sometimes is interrupted. This 
effect appears to be associated with instability of the gain at 
the oscillation frequency, due, for example, to shifts of the 
ruby luminescence line. Figure 4 shows values of the linewidth 
for the most stable oscillation periods. 

0 20 40 60 80 100 
t, JlSec 

FIG. 4. Time dependence of the emission line width ob
tained by measuring the Fabry-Perot patterns in Fig. 3. 

The dynamics of line narrowing for a ruby laser 
with nonresonant feedback from a scatterer is in 
good agreement with the foregoing theory for a 
homogeneously broadened line of the active medium. 

Equations ( 5) and ( 6) indicate that in our laser 
the emission line should be narrowed to about 
0.03 cm- 1 during an oscillation period of the order 
100-300 f.J.Sec. On the other hand, we have observed 
narrowing to 0.005 cm- 1 during this period of 
time, [2) which would seem at first glance to con
flict with the theory. A detailed investigation of 
this discrepancy showed that it is associated with 
frequency pulling by the Fabry-Perot system con
stituted by the faces of the laser exit mirror of 
thickness d = 1 cm. 2> Fresnel reflection (4%) from 
the front face and 70% specular reflection from the 
exit face of the mirror give maximum reflection at 
frequencies vk = kc/2dn, where k is an integer and 
n is the refractive index of the glass mirror. Since 
the separation of the frequencies vk is very much 
smaller than the ruby linewidth (c/2dn « t:.vL), 
the narrowing of the emission line is not deter
mined by the resonance properties of the amplify
ing material [u( v)], but rather by the resonance 
properties of the loss y( v). It can easily be shown 
that in this case narrowing is represented by an 
expression similar to (5): 

L1v = 2L1vr[caot/ln2]-'t., (7) 

where l:.vr is the resonance width of the loss y(v). 
In our case we have, in order of magnitude, l:. vr 

2 lThe experiments described in [2 ] were performed with a 
plane exit mirror, which in the present experiments were re
placed by a spherical mirror. 
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FIG. 5. Laser emission with feedback from a matte 
white paper surface scatterer with interruption of oscilla
tion by a strong external light pulse. 

~ 1/2dn ~ 0.3 cm- 1• Therefore the first spike 
(t = 5 /).sec, a = L- 1 ln k ~ 0.06 cm-1) has the line 
width A v ~ 0.01 cm- 1. When oscillation terminates 
(t ~ 300 /).sec) the line has been narrowed to 
10-3 cm-1, which is outside the measuring accuracy 
limits in[2J, where the maximum resolving power 
of the Fabry-Perot interferometer was ~ 0.003 cm- 1. 

Oscillation frequency pulling by a Fabry-Perot 
interferometer with a plane mirror is obviated by 
using a spherical mirror with no resonant reflec
tion loss. We note, finally, that the insertion of 
various resonance elements in a laser with feed
back from scattering particles does not result in 
space resonances of the electromagnetic field nor 
does it impair the nonresonant character of the 
feedback (provided that the latter does not depend 
on those elements). 

We also investigated the oscillation emission 
line obtained with feedback from volume scatterers. 
Figure 7a shows the oscillation spectrum obtained 
with a smoke aerosol. The line narrowing occurs 
very rapidly, since the threshold gain k is large 
because of small backward scattering from the 
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FIG. 6. Measurements of emission line width on the Fabry
Perot pattern of Fig. 5. 

aerosol. Figure 7b shows the spectrum obtained 
with a sulfur hydrosol. The separation of Fabry
Perot orders in both figures is 0.2 cm- 1. For feed
back from the hydrosol we observe splitting of the 
emission line into several components and random 
variation of the magnitude of splitting from spike 
to spike. This effect is evidently associated with 
local currents created in the liquid by radiation 
heating (the hydrosol is opaque), with consequent 
random Doppler shifts of the frequency. The possi
bility of this effect was mentioned in[2J. 

Figure 7c shows the emission spectrum for the 
hydrosol that was obtained with a Fabry-Perot 
interferometer having a 15-cm air space. For 
more rapid line narrowing we used a plane exit 
mirror. The average separation of the split-line 
components was~ 10-3 cm-1. To achieve this same 
result through Doppler shifts the velocity of the 
local currents in the liquid would have to be 
~ 103 em/sec. The formation of such currents is 
quite possible through the absorption of a few tens 
of Joules of spontaneous and generated light. The 
hydrosol can evidently be used in low-power lasers 
(such as gas lasers) with nonresonant feedback. 

3. CONCLUSION 

The dynamics of emission line narrowing is an 
important characteristic of lasers with nonresonant 
feedback. The investigation of this effect elucidates 
the physical processes of emission without a Fabry
Perot resonator. The agreement of the theory and 
experiment shows that the feedback from scatter
ing particles is nonresonant and that the emission 
frequency is determined by the resonant frequency 
of the active material. 

Further investigations of lasers with nonreson
ant feedback will include the study of the statistical 
properties of emission and the action of laser 
emission on the scatterers. Some periodic rear
rangement of the scattering particles in the field 
of a light wave is possible in principle; this would 
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FIG. 7. Emission spectrum 
of laser with feedback from a 
space scatterer. a - smoke aero
sol, b,c - sulfur hydrosol. Sep
aration of Fabry-Perot orders: 
a,b- 0.2 cm- 1 , c- 0.033 cm- 1 • 

[l 

0 

[l 

enhance backward scattering at certain frequencies. 
Oscillation with nonresonant feedback would then 
become autoresonant feedback. [s] 

In conclusion the authors wish to thank Academ
ician N. G. Basov for his interest and discussions, 
A. T. Matachun for assistance with the numerical 
calculations, and Yu. Matveets for experimental 
assistance. 

1R. V. Ambartsumyan, N. G. Basov, P. G. 
Kryukov, and V. S. Letokhov, JETP Letters 3, 262 

( 1966), transl. p. 167. 
2 R. V. Ambartsumyan, N. G. Basov, P. G. 

Kryukov, and V. S. Letokhov, JETP 50, 724 (1966), 
Soviet Phys. JETP 23, 479 (1966); Report at the 
Fourth International Conference on Quantum Elec
tronics, Arizona, April, 1966. 

/!l£7 

t, f1.Sec 

ff'i"' 
', . ./U 

7.5 

a 

b 

c 

3 A. L. Schawlov and C. H. Towners, Phys. Rev. 
112, 1940 (1958). 

4 M. Hercher, Appl. Phys. Letters 7, 39 (19651. 
5 H. Statz and G. de Mars, in Quantum Elec

tronics, edited by C. H. Townes, Columbia Univ. 
Press, New York, 1960, p. 530. 

6 N. G. Basov, 0. N. Krokhin, and Yu. M. Popov, 
UFN 72, 161 (1960), Soviet Phys. Usepkhi 3, 702 

(1961). 
7 A. M. Prokhorov, Opt. i Spektroskopiya 14, 73 

(1963), Opt. Spectry 14, 38 (1963). 
8 A. Yariv and R. 0. C. Leite, J. Appl. Phys. 34, 

3410 (1963). 
9 V. S. Letokhov, JETP Letters 3, 413 (1963), 

transl. p. 269. 

Translated by I. Emin 
204 


