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A MODE-LOCKED SOLID-STATE IRING LASER WITH
INTRACAVITY GENERATION OF THE SECOND HARMONIC

M. R. Paleev

The intracavity generation of the second harmonic makes it possible to substan-
tially improve the amplitude-frequency characteristics of a solid-state ring laser
operating in the active mode-locking regime: to eliminate the competitive sup-
pression of counterrunning waves, to extend the region of the beating regime,
and to remove anomalies in the frequency characteristic, which are typical of
the free running laser mode. The effect of the loss modulation frequency on the
width of the mode-coupling region and the beat frequency is analyzed.

INTRODUCTION

Interest in the beating and self-modulation regimes in solid-state ring lasers is due to their possible
application for measuring optical nonreciprocities. However, in view of the uniform broadening of the
luminescence line in such solid-state lasers, there occur strong competitive interactions of counterrunning
waves in the active medium. This leads to a break-down of the beating and self-modulation regimes owing
to the suppression of one of the waves as the optical nonreciprocity of the cavity increases.

The interaction of counterrunning waves in the active medium can be weakened by their space-time
decoupling in the mode-locking regime, when the ultrashort pulses (USP) propagating in the opposite di-
rections do not meet in the active medium and, hence, do not interfere in it. The spatially homogeneous
burning-out of the inverse population attained in this case helps avoid the anomalies in the frequency char-
acteristic of solid-state ring lasers typical of the free running mode. Moreover, owing to the space-time
decoupling of counterrunning USP’s their connection via scattering weakens, thereby reducing the width of
the mode-coupling zone.

When USP’s are obtained by the active mode-locking (AML} method, we have a high stability of the
series of USP’s, their strong coupling with the master oscillator, and a 100% reproducibility of their param-
eters. Moreover, the spectral composition is stabilized and the sensitivity of the cutput laser characteristics
to fluctuations of the cavity length is reduced. The advantages of the AML regime also include the broad
range of laser generation powers and the possibility of varying the pulse duration by changing the modulation
depth. '

However, in the AML regime, too, one of the waves is suppressed when the optical nonreciprocity of
the cavity increases and the modulation frequency undergoes detuning from its optimal value [1, 2]. The
appearance of this amplitude nonreciprocity is due to the scattering of counterrunning waves at the modulator
end faces [3]: owing to the backscattering the pulses change their shape, can pass through the modulator
at different instants of time, and, consequently, they have different losses. Of fundamental importance here
is the finiteness of the time of light propagation through the modulator (r). If = # Q, then the scattered
radiation includes two pulses (retarded relative to each other by 7), which may result in different displacement
of the time of their propagation through the modulator for counterrunning USP’s.

Since the problem of eliminating the competitive suppression of counterrunning waves is also pressing
for solid-state ring laser operating in the AML regime, it is reasonable to solve it by methods of leveling the
intensities of the counterrunning waves, which are well developed for such lasers operating in the free running
mode [4, 5], especially as the efficiency of most such methods increases on changing from the free running
to the mode-locking regime (for reasons that are discussed below). In this connection, it seems promising
to use in the AML regime a method that proved efficient in lasers operating in the free running mode. It
consists in leveling the intensities of the counterrunning waves at the cost of higher losses for higher-intensity
waves (characterized by stronger amplification). These losses can arise during the intracavity generation of
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the second harmonic [4].

In this paper we study the amplitude and frequency characteristics of actively mode-locked solid-state
ring lasers when the suppression of counterrunning waves is weakened by the intracavity generation of the
second harmonic.

THE SYSTEM OF EQUATIONS

To describe the AML regime we will use the space-time approach [3, 6, 7], i.e., we will assume that the
transmission functions of the modulator and the active medium are such that the propagating USP’s retain
their Gaussian shapes.

We represent the intensities of the counterrunning USP fields in the form

E, 2= 851,2 exp{i{wo +w1,2)(t = t1,2) = M1.2(t = t1,2)%}.

Here E’;,g = Eyjexp{iy;,2} are the complex amplitudes of the counterrunning waves; wq is the central
frequency of the laser transition; wy 3 is the detuning of the USP central frequency from wg; 712 is a
parameter characterizing the USP duration 7 2: 79 = 2In2/ V/T1,2; and t; 7 are the times of propagation
of the USP maxima through the modulator.

We write down the transmission coefficient of a nonlinear crystal in which the transformation into the
second harmonie occurs:

31,2 =1- szig exp{—271,2{t - tl,g)z} =1- szig
+ 2k2E12.271‘3(t - tl,z)z s exp{-szf', + 2E2E]2_'211_2(t - 11,2)2}.

Here k is the coefficient of nonlinear transformation.

From this expression, which is valid in the case of small k, it is easy to see that in the propagation of
the second harmonic through the crystal the USP’s will retain the Gaussian form.

The system of equation obtained in {3, 7] for the USP parameters is now written in the form

d 1.1 . 1 .
T;;El,z = ELz(g - E In E - 26511‘[2 81': - sziz) F Eml‘gTEg 1 sm(oq,g - (P), (1)
T%p =0T+ %mlT% cos(ay - @) - —;—mgT% cos(ag — ) + -mng rwy sin( 8, — »)
+ lmgT-Eiru-g Sin(fs ~ ¢) +um (—>85in 20, = ~-4sin 291) , @)
Y2 T
d gth E Eg)
dt ( M ) (1 L Isl Is2 ’ (3)
d 15971.2 Es,
TEWI 2= A2 w12 —~ m‘{,zTE:;r7z,1 cos(fr 2 — ), (4)
d 16
Tﬁ‘h'g = 211 2 + 25wm cos 291 2 — 242 El 271,2, . (5)
T d61 2= wml — 7+ 2g-&: - ;—:;651n291 2% ;mg zg: L wlmm sin{ 1 2 — ¥} (6)

Here T is the time of light passing around the cavity; ¢ = 3 — 2 is the phase difference of the
counterrunning USP’s; g is the average value of the amplification factor during one pass-around; g, =
(1/2)In(1/R) is the threshold value of g; 7 is the pumping excess over the threshold level; I,;,2 are the
intensities of the active medium saturation by the counterrunmng USP's (I,1,s2 = (T/a)(2m,2/ w)lf 2, where
a is the saturation parameter of the active medium); A,, is the luminescence line width of the active medlum,
{2 is the difference between the natural frequencies of the counterrunning waves (arises during rotation); =
is the time of light propagation through the modulator; wm and &§ are the modulation frequency and depth,
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respectively; §y 2 = wmty, 2 is the modulator phase at the time of passage of the pulse maximum; the moduli
(my,2, ﬁlglz) and the phases (ay 3,8 2) of the coupling coefficients are introduced as it was done in [3]:

myzexp{£ay,2} = —i(2/T)(r{ ; exp{iwor} + ri 5 exp{—iwor}),
mg'g exp{£p 2} = -i(2/T) (rf'g exp{kwor} — "'i,z exp{—iwqoT}).

Here r{ , are the backscattering coefficients at the end face as the wave enters into the modulator and
' r{ , are similar coefficients as the wave leaves the modulator (the contribution from the backscattering to
E; is written r{E(t + 7) + riE(t + 7)).
The presence of backward reflections substantially affects the parameters of the generated radiation
and may result in suppression of one of the waves. Therefore in designing solid-state ring lasers measures
. are usually taken to reduce the effect of backward reflections. To this end the modulator is placed in the
cavity in such a way that the USP's would not meet either in the active medium or at the reflectors. Then
the feedback between the pulses is achieved only through scattering of the counterrunning USP’s at the
modulator end faces. Naturally, one also tries to reduce the scattering at the modulator end faces (e.g., by
means of transmission augmentation); then the moduli {m; 2, ﬁig,z) of the coupling coefficients also decrease,
but their phases (a2, 51,2) can be practically of any magnitude (because it is hardly possible to check the
phases of the backscattering coefficients).

The validity of the weak-coupling approximation is beyond question, therefore we shall analyze system
(1)-(6) by the method of successive approximations with respect to the coupling, which has already become
routine in the solution of similar problems. We assume thai the pumping excess over the threshold level is
small (n € 1).

MODE-COUPLING REGIME

This regime is described by the stationary solution to system (1)-(6). In the first approximaiion with
respect to the coupling, at an optimal value wmg = #/{T + 2g:n/Au) of the modulation frequency we can
cbtain expressions describing the behavior of the difference in the USP phases and intensities I, o = E‘f,z.
We write down these expressions assuming that the intracavity generation of the second harmonic results in
an effective leveling of the USP intensities, and, for simplicity, that my = mq = m:

L~ _ mT'Q os(fh —02),

L+ T wQy ¢ 2 )
o ay + ag -1 2
(p...rr/2+——-—---2 : = cos o

Here w is the coefficient of nonlinear losses: w = 2k%(I) + I3) = k*Ln (I,, = Lz = I,); Qo is the width of
the mode-coupling region: Qo = msin[(ay — a2}/2].

The mode-coupling regime in question exists in the region |2 € {20. The intensity difference for the
counterrunning USP’s increases linearly with increasing 2 and attains a maximum at |Q| = Q. Setting
12| = Qq in (7) we obtain the following condition for an effective leveling of intensities:

W mT!cos (%) | (8)

Inequality {8) makes it possible to evaluate the nonlinear losses required for the elimination of competi-
tive suppression. For the typical solid-state laser parameters m = 104s™! a1 —a; = 7/2, and T = 5x 10~° s
inequality (8} holds for w > 10=3. In the one-mode generation regime the leveling of the intensities of coun-
terrunning waves requires that the nonlinear losses be w 2 10~2 [4].

Thus, in the AML regime the leveling of the intensities of counterrunning waves requires much lower
nonlinear losses than in the free running mode. This is due to the following two factors. First, in the free
running mode, owing to the interference of the counterrunning waves in the active medium, their amplification
coeflicients turn out to be unequal, which results in an increase in nonlinear losses necessary for leveling the
intensities. The other factor causing the increase of w is that the coupling in the free running mode is
stronger than in the AML regime (the overlap of USP’s at the clazified modulator end faces is small).
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It should be noted that in the absence of nonlinear losses the width of the mode-coupling region can
be infinite [3, 7]; in this case an increase in {2 results in suppression of one of the USP’s. In the presence of
nonlinear losses w = 10~2 the USP intensities level off and the width of the mode-coupling region decreases
without any noticeable broadening of USP’s.

Now we briefly discuss the main results of the analysis of the amplitude-frequency characteristic of the
laser in question in the mode-coupling regime when the modulation frequency departs from its optimal value.

The detuning of the modulation frequency from its optimal value A results in a displacement of the
center of the mode-coupling region (along the {2 axis) and in a change of the mode-coupling region width.
The behavior of the USP intensities within the limits of the mode-coupling region is nearly the same as in
the case of zero detuning, and all the above conclusions remain valid in this case if the detuning is small
(A < 1) and one can use the first approximation with respect to detuning (this is quite correct because in
solid-state lasers the AML is observed for A = (Wm — wWmo)/wm € 1075).

The dependence of the mode-coupling region width on A has the form

1 . . A? . . 2
Qo(A) = 3 ({nu sinay — masinas + 31;;““' A(m? sin 5 — mg sin ,62)}
m

xrAl g 0 2)”2
A{m4 cos 3y — m, cos . 9
Soos Almd cos 1 — m3 cos ) | (©)

It is evident from (9) that, depending on the relationship between the phases (a 2, 81 2) of the coupling
coeflicients, the quantity 2o can both increase and decrease as A increases. Therefore, an experimental
analysis of the function {¢(A) can be very useful for obtaining information about the phases of the coupling
coefficients of counterrunning waves.

THE BEATING OPERATION REGIME

-+ {m1 COS (] — Mo COS Qg +

One of the most important problems in the theory of ring lasers is the investigation and optimization
of their frequency characteristics (by the frequency characteristic of a ring laser is meant the dependence
of the average (over the period) beat frequency {) of counterrunning waves on §2). In the free running
mode there can arise anomalies in the ring laser frequency characteristic, which lead to a reduction of its
* sensitivity. (d{p)/dQ2). The appearance of anomalies is due to the reflection of the counterrunning waves
from the moving inverse population gratings [8]. As was already mentioned, in the mode-coupling regime it
is possible to produce a space-time decoupling of counterrunning waves. In this case the burning-out of the
inverse population in the active medium is spatially homogeneous, no gratings appear, and, consequently,
there must be no anomalies in the frequency characteristic.

We will consider the beating operation regime away from the mode-coupling region at A = . Then,
in the first approximation with respect to the coupling, the modulation of the sum =z = 2(fy — I;)/(IL.n)
and the difference y = 2(f) + I2}/(I,n) of the intensities at the beat frequency (¥} = Q is described by the
expressions

z = X,T{mysin(a; - Qt) + mysin(as — Qt)} + X, T{my cos(ay — Qt) + ma cos(as — Q1)},
y = YeT{m, sin{ay = Q) — ma sin(ary = Qt)} + Y. T{m, cos(ay — Qt) — my cos(az ~ Qt}},

where
w QT
Xs T Ty wr X‘“‘"(QT)2+w=‘
v, < 99T = P(L+)T/Ty v. = POT+ QUL+ n)T/Ty
= P24+ Q2 ! €= P? 4+ (2 !

T T 1 T
—— 2 — —_—lp - - —
P=—(@IP+1+nuz+rprhg Q= QT(w+(1+n)Tl).

The intensity mod,ula.tion depth depends on {) nonmonotonically, that is, in the vicinity of Q = 0, =
1 1/2
nin 7% w(l+n)
Th

there occurs a resonant step-up of the intensity modulation amplitude at the re-
laxation frequency Q..
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The average value (over the beat period) (z)} = 2(I} — I7)/(I,n) of the difference in the intensities of
the counterrunning USP’s is given by the expression

(z}) =

For simplicity, we assume here that m; = ms = m.

It is seen from (10) that with increasing 2 the average intensities of the counterrunning USP’s level off
(provided the condition (8) holds).

The behavior of the frequency characteristic of the laser under investigation away from the mode-
coupling region is described by the formula

(@)= Q- ﬂisin (M) - lmQTXe cos (a; ;az) 0)2 ™0

2
+2Af‘yoﬂ;.22 s:n(ﬂ1+ﬁ2;al 22) cos(ay — az) cos(Br — Ba)- (11)

m3T? sin(a; ~
2w

2) (Y, - X +(2QT)"Y). (10)

Here 70 = wm Ay (6/89wm)Y2. Formula (11) is written for the case when my a2 = m, mg , = mY and
QT >» 16gwm7o{Au)?. As a rule, the last condition is not fulfilled in the beating regime.

Formula {11} implies that in the AML regime there are no anomalies typical of the laser frequency
characteristic in the free running mode [38]: in the absence of coupling (m; = ms = 0) the frequency
characteristic is ideal {(x) = ), whereas in the free running mode the dependence of (¢} on Q is defined
by a cubic equation. Owing to the absence of anomalies in the AML regime, the dependence of {¢) on
the pumping excess over the threshold # is reduced, which substantially weakens the requirements for the
pumping power stability. The frequency characteristic of solid-staie ring lasers in the AMC regime is similar
to that of gas ring lasers: ¢ = 0 in the mode-coupling region; as Q grows further, the difference {p) —
tends to zero and at large values of () can exceed {2, whereas in gas ring lasers (@) is always less than Q.
The computer simulation of the complete system (1)~(6) has also shown that in the regxon of 2 = Q, there
can be slight distortions of the frequency characteristic.

For lasets operating in the AML regime of great importance is the question of the effect produced on the
frequency characteristic by the detuning of the modulation frequency from its optimal value. In particular,
this is important when considering the effect of fluctuations of the modulation frequency on the stability
of the beat frequency. The last term in formula (11) shows that this effect weakens with increasing USP
duration 1 (70 = (2In2/7,)!/?), with decreasing modulator length ! (r = i/c), and also when a frequency
bias is used in the solid-state ring laser (i.e., when operating in the region of large Q).

The calculation by formula (11) shows that if the oscillator conirolling the mode locking makes it
possible to obtain A with an accuracy of the order of 10~%, then with standard ring laser parameters in the
AML regime {3, 7] and with Q = m the instability of the beat frequency is of the order of 10~! Hz.

CONCLUSIONS

The results of this investigation suggest the conclusion that the introduction of nonlinear losses w =
0.1% by means of intracavity generation of the second harmonic does not result in a substantial broadening
of ultrashort pulses and makes it possible to notably improve the amplitude and frequency characteristics
of a solid-state ring laser operating in the active mode-locking regime: (i) to eliminate the competitive
suppression of counterrunning waves, (if) to extend the region of existence of the beating regime, and {iii)
to remove anomalies in the frequency characteristic, which are typical of the free running mode.

The efficiency of the method of intracavity generation of the second harmonic on changing from the
free running mode to the mode-locking regime increases substantially.

Analysis of the beat frequency as a {unction of the loss modulation frequency has shown that a relative
instability of modulation frequency of the order of 10-® leads to a beat frequency instability of the order of
107! Ha.

The results of this study are in good agreement with the experimental data from [9).

The conclusions drawn in the present paper are based on a thorough theoretical analysis of the
amplitude-frequency characteristics, which is in complete agreement with the data on computer simulation
of the complete system (1)~(6).

The author expresses his gratitude to E. G. Lariontsev for va.lua.ble a.d\uce and attention.
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