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Abstract

fWe consider coupled lasers, where the intensity deviations from the steady state, modulate —‘
the pump of the other lasers. Most of our results are for two lasers where the coupling
constants are of opposite sign. This leads to a Hopf bifurcation to periodic output for weak
coupling. As the magnitude of the coupling constants is increased (negatively) we observe
novel amplitude effects such as a weak coupling resonance peak and, strong coupling
subharmonic resonances and chaos. In the weak coupling regime the output is predicted by
a set of slow evolution amplitude equations. Pulsating solutions in the strong coupling limit
are described by discrete map derived from the original model.
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L aser Physics
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1958 : Townes & Schawlow. Laser Theory. Received Nobel Prize.
1960 : Maiman. First operational laser. Ruby cyrstal as amplifier.

T.W. Carr, Negative Coupling Resonances — p.3



Rate equations with pump coupling
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® [ =|E?: Intensity, D : Inversion

dl;
o = D=L
dD ;

® Non-zero steady-state corresponds to CW output.
Dj():]., [j():Aj—l
® Investigate the effects of coupling two lasers through their pump:

Aj = Aj() + [jg(sk<]k — [kO)
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Pump-coupled Lasers
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Rate equations with pump coupling
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® Define new variables for the deviations from the cw state as
Ij =Ljo(L+vy;), Dj=1+¢v/Ijoxj, tnew = €1V Trotoia-

#® The new rate equations are

d
@ = i)
dx
d_tl = —y1 —exi(ay +byr) + o212, 2 <0
dyz
Al 1
= Bra(1l+ y2)
dx
d—tQ = fBl—y2 — eBxa(az + bya) + d191]

where a;, b and § are dissipation & pump constants.
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Hopf, Period-doublings and Chaos
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For fixed 6, while varying d:
® Hopf bifurcation at §o = 2.

aiaz

510 2 40® —
102 + €“[ar1a2 + 4o (a1 1 az)?

® Period doubling — chaos. Saddle-node bifurcations — subharmonic resonances.
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Small coupling: 95 = O(e)

| N

® Look for slowly-evolving small-amplitude solutions of the form
yi1(t, T) = A;(T)e" + c.c.,
® Obtain the following slow-evolution equations for the amplitudes:

dA 1 1 1

T = e il i,

dA 1 1 1 .
d—T2 — _§a2A2 — 6@|A2|2A2 — 5@51141 + 10 Ay

® To analyze let A;(T) = R;(T)e" ™) and ¢ = 65 — 0.
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Small coupling resonance

AQ

Ry =31

AV
2 )
A1 = (0102 + a1a2) (a1 + a2) and Ao =1+ 4202
al1a2 a101
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Small coupling resonance

|x2|: Inversion
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3lLasers
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L arge coupling: 9
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L arge coupling: 9, = O(1)

-0.5
0

® L1: Matched Asymptotics. Pulse = inner region.
® L|2: Multiple Scales. bamped oscillations in outer. Kick by pulse in inner.
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Map

1,18
= (331—;)674—;4—042_'_6026

| (ay2 — wxe)(e* cos(wt) — 1) + (wy2 + axe)e™ sin(wt)]

/0 " Gt = 0

Ty e_%wzp[wg cos(wP) — yo sin(wP)]| + 612G (P)

Yo e_%‘mp[a@ sin(wP) + ya cos(wP)]

2
xr1 — —G(P) + gebG(P)2
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Fixed points = periodic solutions

Period

10
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Summary

-

® Negative coupling = phase shift.
For nearly-harmonic solutions.
Equivalent to delay of period/2.
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Summary

® Negative coupling = phase shift.
For nearly-harmonic solutions.

Equivalent to delay of period/2.

® Amplitude resonance for weak coupling.
Weakly-nonlinear slow-evolution equations.
Predict small-coupling resonance.
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Summary

® Negative coupling = phase shift.
For nearly-harmonic solutions.
Equivalent to delay of period/2.

® Amplitude resonance for weak coupling.
Weakly-nonlinear slow-evolution equations.
Predict small-coupling resonance.
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-

Summary

® Negative coupling = phase shift.

For nearly-harmonic solutions.
Equivalent to delay of period/2.

Amplitude resonance for weak coupling.
Weakly-nonlinear slow-evolution equations.
Predict small-coupling resonance.

Singular Hopf (supercrit. non_
Supercritical Subcritical w/ hysterisis 9 l ) ?"~Hopf M
: AVAVE :

AVAVERNEAVAN,

Parameter Parameter Parameter Parameter

Amplitude
Amplitud
Amplitud
Amplitud

Pulsating/Harmonic for strong coupling.
Map — fi xpoints.

Similar to single laser with periodic forcing.
Pulsations become larger.

Harmonic solutions become smaller.
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Fixed Points

3
max|[ry] = 7w+ \/251|52|7
2&1
max|xs| max|ys| 2201 01
X = X[ya] = 4 [T ——
P = 2max|x].
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L1: Pulsing, L2: Pulsing

Derive subharmonic-Melnikov equations

T
/ —a;x; + Opxjyrdt = 0
0

Use unperturbed Hamiltonian problem to evaluate integrals.
Use matched asymptotics to construct pulsating solutions.

Subharmonic-Melnikov equations conditions become:

a252

(1+ )T? = 0.

a161

For periodic solutions with T £ 0, §5 = do5.
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L1: Pulsing, L2: Harmonic
-

Localized solutions.
Derive subharmonic-Melnikov equations

T
/ —ajx? + opz yrdt =0
0
Poincare’-Lindstedt for L1.

Multiple scales for L2.
Reproduce local bifurcation result.
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