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The degree and period of modulation of the output power in the first spike of a free-running laser are
investigated experimentally as functions of the number of excited modes and the position of the active
rod in the resonator. Neodymium glass and ruby are used as the active medium. It is shown that a de-

crease in the number of excited modes from ~ 10° to

~10 increases the degree of modulation from

~5to ~40% and that the modulation period does not depend on the position of the active rod in the
resonator. The obtained data are discussed on the assumption of phase independence of the individual
modes. It is concluded that mode locking does not occur in the active medium of a free-running laser.

O NE of our papers'!! on the time characteristics of
laser emission reported the first observation of a
periodic modulation of neodymium glass laser emission
intensity in the first free-running spike; the modulation
was due to beats between neighboring excited modes.
Such an emission intensity modulation was also ob-
served by a number of authors to occur in ruby and
neodymium glass lasers, both in free-running and
Q-switched operation using various mechano-optical
and electro-optical shutters. While studying the behav-
ior of the modulation as a function of a number of fac-
tors, some authors concluded that there is a mode-
locking mechanism in the active medium itself. It seems
to us that these conclusions were reached either on the
basis of indirect data or from experiments too incom-
plete to be convincing.

These studies include the investigation of time
characteristics of a single free-running spike from
ruby and neodymium glass lasers®™®’.

As to references 2—4, their main fault seems to be
the inadequate elimination of parasitic mode selection
due to various elements of the resonator and causing a
reduction in the number of excited modes. Thus random
interference can in some cases make the output signal
modulation to be large enough even in the absence of
mode locking. Consequently the conclusion as to the
presence of mode locking can be made only by a statis-
tical analysis of the results. Furthermore the depen-
dence of the fundamental modulation of the frequency of
the output signal on the position of the active rod, con-
stituting one of the principal arguments cited in®*! in
favor of the existence of mode-locking mechanism in the
active medium, was shown by us earlier'*®! to be due
to mode selection caused by the reflection at the end
faces of the active rod. With regard to® we must say
that according to theoretical research!™®’ the method
of recording the expected ultrashort pulses (study of the
luminescent track in the liquid under two-photon excita-
tion by colliding pulses) cannot be considered reliable,
owing to lack of the requisite photometric accuracy.

The purpose of the present work is to verify the oc-

D The basic results of this paper were reported to the Fourth All-
union Symposium on Nonlinear Optics in Kiev (25-31 October, 1968)
and were published in FIAN Preprint No. 3, 1969.

currence of mode locking in free-running operation
(from now on the discussion concerns the first spike).

A resolution of this problem is important first of all
to provide an interpretation of the results of experi-
ments in which free-running lasers are used and peak-
power data are needed. Furthermore the problem is of
independent interest in connection with the effect of the
active medium on the stabilization of phase relations
among the excited modes. For this purpose we investi-
gated in detail the degree of modulation of ruby and
neodymium glass laser emission intensity as a function
of the number of excited modes, and the fundamental
period of modulation as a function of the position of the
active rod in the resonator for a constant width of the
emission spectrum. Under mode-locking conditions we
should expect that, given a sufficiently large number of
modes, N 2 10, the degree of modulation would be close
to 100% and would be almost independent of the number
of modes, while the period of modulation would depend
on the position of the element responsible for mode lock-
ing (the active rod in our case) in the resonator, just as
it happens in a laser with a passive shutter!®’,

Figure 1 shows the diagram of the experimental
setup. The resonator with an optical length L. = 150 cm
comprised two mirrors (R;~ 1.0 and R, = 0.7) on
wedge-shaped substrates to eliminate parasitic selec-
tion. The active rod AR (ruby of 15 mm dia and
120 mm length or KGSS-7 glass of 10 mm dia and
130 mm length) had end faces cut at the Brewster angle
to the resonator axis for the same reason. Diaphragms
D; and D; (2—3 mm dia) were placed within the resona-
tor to separate the TEM,,q modes.

The elimination of parasitic selection in the main
resonator enables us to obtain sufficiently broad emis-
sion spectra®, ~ 7 cm™ for neodymium glass lasers and
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FIG. 1. Diagram of the experimental setup.

2) The spectral width was determined from the intensity distribu-
tion curve at the half maximum level.
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~0.25 cm™ for ruby lasers.

The variation in the number of excited modes was
achieved by means of various selective elements S in-
stalled in the resonator to provide a controlled varia-
tion of the width of the generated spectrum. The selec-
tive elements were represented by plane-parallel plates
of various thicknesses, Fabry-Perot interferometers
with various distances between the mirrors and various
reflection coefficients, and their combinations. The
Fabry-Perot interferometers were placed at an angle
to the resonator axis calculated to eliminate the effect
of the external plate surfaces on the reflection spec-
trum®'®!, Using the above selectors we were able to
measure the spectral width within the limits from
~7 cm ™ to~ 0.1 cm™ for the neodymium glass laser
and from ~ 0.2 cm™ to ~ 0.03 cm™ for the ruby laser.

The time characteristics of the first spike emission
were recorded with FEK-09 coaxial photocell F and
12-7 oscilloscope O; the spectral characteristics were
recorded with the corresponding SP spectral instru-
ment. Spectra with Av 2 0.5 cm™ were recorded with a
diffraction spectrograph with a dispersion of dx/d!
=1.1 A/mm and resolution of 0.1 cm™; spectra with
Av < 0.5 cm™! were recorded with a Fabry-Perot inter-
ferometer with a mirror spacing of tpy = 1.0—7.5 cm.
When several generation spikes were excited, spectrum
of the first spike was brought out with a time-base
sweep using an SFR fast photorecorder. It was found
that the spectrum of the first spike does not depend on
the pumping energy within fairly wide limits.

The number N of the excited modes was determined
by photometric analysis of the emission spectra; the
intensity distribution curves yielded the values of spec-
tral widths expressed in units of mode spacing of the
main resonator (see Fig. 2). We note that the intensity
distribution in the generation spectra is close to
Gaussian.
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FIG. 2. Typical spectral intensity distributions of the first laser spike
emission. Heavy lines — Gaussian distribution for the corresponding val-
ues of spectral half-width; circles — experimental data. Neodymium glass
laser: a — selector is absent; b — resonator contains Fabry-Perot interfero-
meter of two glass plane-parallel plates (12 mm thick), with plate sepa-
ration of 0.08 mm, and an angle of inclination of the interferometer to
the resonator axis such as to avoid the effect of external plate surfaces
on the spectrum; ¢ — resonator contains a Fabry-Perot interferometer
with plate separation of 0.24 mm; d — resonator contains a Fabry-Perot
interferometer of two mirrors with reflection coefficients of 0.28 and
plate separation 0.24 mm; e — resonator contains the same Fabry-Perot
interferometer as in (c¢) and a plane-parallel glass plate 2 mm thick at
an angle of 3 - 5° to the axis of the resonator. Ruby laser: f — selec-
tor is absent.
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In each case of a resonator with a particular selector
a series of first spike oscillograms (20—30 pictures)
was photographed. The spectral width in a series and
consequently the number N of excited modes remained
constant with an accuracy of 20—30%.

Since the bandwidth of our recording system (together
with the delay line) amounted to about 200 MHz, oscilla-
tions with a fundamental frequency /27 = ¢/2L
~ 100 MHz and some neighboring frequencies were
separated. Consequently only these frequencies appear
in the oscillograms (Fig. 3). On each oscillogram we
measured the degree of modulation y at a frequency
equal to the ratio of the maximum modulation amplitude
to the signal maximum. The series of y values was then
analyzed for the most probable (most frequent) value of

[7prob]exp-

As seen from Figs. 2 and 3 (see also the table), a
decrease of the number N of excited modes is accom-
panied by a clear tendency to increase the degree of
modulation, i.e., the reverse of the case of mode locking.

We note that the degree of modulation varies within
some limits among the oscillograms obtained with the
same number of modes. This variation interval and the
frequency of deviation from ['Yprob]exp depend on the
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FIG. 3. Typical oscillograms of the first laser spike. Cases a - f
correspond to those in Fig. 2.
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number of modes in the spectrum, increasing as this
number decreases. By way of an example, out of 25
oscillograms for N ~ 800 we get [Vprob]exp = 10%,

Ymax = 20%, Ymin = 5%; for N~ 100 we get [yproblexp
~ 24%, Ymax = 35%, Y min = 10%.

As controls we prepared oscillograms and emission
spectra of a giant pulse obtained by installing saturable
filter cells in the resonator (without affecting its geom-
etry). In this case the spectral width remained almost
the same but the nature of its time dependence changed
sharply: we regularly observed a series of pulses with
a period of 2L/c and a degree of modulation close to
100% that is typical of mode locking (Fig. 4).

We note that the observed relationships (the funda-
mental modulation frequency and modulation degree)
were not affected by the position of the active rod.
Oscillograms and spectral widths were obtained for all
selectors with the active rod positioned in various reg-
ions of the resonator. These results showed that the
spectral width, the fundamental modulation frequency,
and the degree of modulation do not depend on the posi-
tion of the rod.

In particular when the active rod was placed in the
center of the resonator or near a mirror, the fundamen-
tal frequency of modulation was £ = nc/L, while accord-
ing to®™ a doubled frequency should be observed in such
a medium in mode-locked operation when the active rod
is in the center of the resonator.

To explain the obtained results we consider the inter-
ference of a large number of equidistant modes with
random phases and Gaussian distribution of amplitudes
entering a square-law receiver. The field in this case
has the form

M/2

E= Ancos[(mo—l—ng)(t—ci)-l-wn]y

n=-M/2

M)

where
4 [ (2n>zln2]
n = Soexp N/ 2

wo + n§ are the mode frequencies, ¢, are random pha-
ses, and M is the total number of modes, while M > N
> 1. The response of the square-law receiver is pro-
portional to

B2 = By + ngcos[ sQ(t-—%) —%—v\IJs} ,

s=1

(2)

where
M2
Bo=1/a 2\ Ag?
n=—M/2
is a constant component and
M/2
P = arg[ D Anda eXpi(¢n+s—cpn)].

n=—M/2
M2

B, = mod [ Z AnAnisexpi(Qnis— Pn) }
n=—M/2
are functions of random phases.

In view of the large number of interfering modes
(N > 1) the probability distribution for Bg can be re-
garded as normal. Furthermore, since we are only
interested in modulation at the frequency 2, we can
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FIG. 4. Oscillograms of a giant pulse obtained by placing a saturable
filter cell in the resonator; a — neodymium glass laser, intitial cell trans-
mission 0.55; b — ruby laser, initial cell transmission 0.45.

limit our consideration to B; only. In this case the ex-
pression for probability density B, has the form

dp(r < By <<r+dr) = 2np(r)rdr, (3)

where
21 ¥2r
POV= T AN e"p[ TN ] :

We then find the most probable value of the degree of
modulation at the frequency ©: y = 2B)/(Bo + B)) at
which the function dp(y < y < y + dy)/dy reaches a
maximum. Inthe approximation in which N > 1, this
value turns out to be

YVorot™ 2/ V3 + 08 N.

Consequently in the case of totally unsynchronized
modes the most probable value of the degree of modula-~
tion at the frequency © depends fairly strongly on the
total number of excited modes and can become quite a
small quantity when the number of modes is large.

At the same time in mode-locked operation the de-
gree of modulation, as noted above, should always be
near 100%; this is what we observed (see Fig. 4) when
we placed a bleached filter cell in the resonator (without
affecting the resonator geometry and with an almost
identical spectral width).

The table lists the results of analyzing the experi-
mental data for [7prob]exp against various numbers N
of excited modes and the corresponding values of y,rob
obtained from (4).

As we can see from the table there is a good agree-
ment between the experimental and theoretical values
of ¥prob-

We also investigated the case of N~ 10 for a ruby
laser (Fig. 5). The measured value of [Yprob]exp ~ 40%

differed here from that obtained according to (4): Y prob
~ 60%. However the difference was due to the fact

that (4) was not applicable to the given spectrum, since
the amplitude distribution was not smooth but always
contained one or two more intensive modes in the spec-

(4)

‘ Active rod of KGSS-7 \ Active

ruby rod
N (2+3)-108 800200 27060 10020 35+7 7010

[y problexp'% 5+3 10+3 165 245 29+5 255
v prod’ % 4456 | 8+1 14+2 22+2 6+4 27+2
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FIG. 5. Typical oscillogram of the first ruby laser spike. Resonator
contains a glass plate 1.5 mm thick with a 16% mirror on one side. The
spectral width is Ay =~ 108+, where &y = 1/2L, and there always are one
or two modes in the spectrum whose intensity exceeds the remaining
modes 1.5-2.0 times. Time axis scale is 100 nsec.

trum. Similar causes can be held responsible for the
difference of [7prob]exp from yprop in the case of

N = 35 in a neodymium-glass laser (see Fig. 2e).

Therefore all the above facts serve as a foundation
for the conclusion that in a solid state free-running
laser the mode locking mechanism is either absent or
very weak, regardless of the nature of the luminescence
line broadening, so that the phases of the individual
modes can be considered practically independent in
free-running generation®’.

The independence of phases of individual modes is
also indicated by the fact that the degree of modulation
of the laser emission intensity does not remain constant
at a given spectral width but varies within a certain
range whose size increases with decreasing number of
modes. Therefore when the number of modes is small
we can relatively frequently observe cases of a large
degree of modulation that can even approach 100%.

3) The same conclusion based on a theoretical examination of proc-
esses in a laser with and without a passive shutter is reached by Letokhov

[11].
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Those may have been the cases that led some
authors'® % to the conclusion about mode locking in
ruby and neodymium glass active media.

In conclusion the authors thank V. A. Babenko for
help with the experiment.
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