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laser system driven by colored cross-correlation noises
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Considering a single-mode laser system with cross-correlated additive colored noise and multiplicative
colored noise, we study the effects of correlation among noises on the normalized intensity correlation

function C(s).

C(s) is derived by means of the projection operator method. The effects of the self-

correlation time 7 of the additive colored noise, 72 of the multiplicative colored noise, and the effect of
the cross-correlation time 79 between the two noises on C(s) are discussed by numerical calculation. For
the case of positive correlation (A > 0), it is found that when ag > 0 the normalized intensity correlation
function C(s) increases with the increase of 79 or 72, and with value of 7o or 72 becoming larger, C(s)
comes to saturation. With increasing the self-correlation time 7 of the additive noise, a minimum and a
maximum will appear on curve of C(s) as ap > 0. If ag < 0, C(s) decreases with the increase of 7o, 71,

and To.
OCIS codes: 140.3570, 140.0140, 140.3430.

Recently, the statistical properties of intensity
fluctuation in a single-mode laser have attracted much
attention!™?. In most of the existing theoretical studies,
the additive noise (quantum noise) and the multiplica-
tive noise (pump noise) are both modeled as Gaussian
white noises, and these two noises are treated as without
correlation. In 1991, Fulinski et al. proposed that the
additive noise and the multiplicative noise are correlated
under certain conditions!!. Since then, many researchers
considered the cross-correlation between the two noises
when studying the statistical fluctuation properties, and
the results were in better agreement with the experi-
mental results*~1%. In 2002, Liang et al. studied the
stationary intensity distribution of the single-mode laser
cubic model with correlated pump noise and quantum
noise which were colored cross-correlation!™.

It is known that the normalized intensity correlation
function is an important physical quantity to characterize
the dynamic behavior of stochastic systems!*213). In this
letter, the case of a full account of the saturation effects
with cross-correlations between an additive colored noise
and a multiplicative colored noise on the normalized in-
tensity correlation function are investigated.

A fuller account of the saturation proprieties of laser
may be obtained from the Langevin equation as'4

dE nE _ -
—=-KF4+ ——— t)E t 1
" +1+A|E|2/F1+p(> +a®), (1)
by setting the electric field E = re®, Eq. (1) can be
transformed into two coupling Langevin equations about
the field-amplitude r and phase . Decoupling them and
setting the laser intensity I = 72, we get the Langevin
equation about I,
dr

— = -2KI
dt +

2K 1

H—TI/Fl +2D + 2[1/2q(t) + 2Ip(t),

(2)

where K is the cavity decay rate for the electric field,
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F1 = ap + K is the gain parameter, ag and A are real
and represent net gain and self-saturation coefficients, re-
spectively, ¢(t) is the additive noise and p(t) is the multi-
plicative noise. ¢(t) and p(t) are considered as Gaussian-
type noises

(a(t)g(t)) = — exp(|t —t'|/m), (4)
(p()p(t')) = — exp(|t — t'|/72), ()
A

DC expllt - 1/r0). (6)

where D is the additive noise strength, @ is the mul-
tiplicative noise strength, A is the correlation intensity
between ¢(t) and p(t).

The corresponding Fokker-Planck equation for the
probability function P(I,t) of the laser intensity I is
given by!!3]

% = LypP(I,1), (7)
Ler = —2 1)+ LG, )
oI aI?
in which
f(I) = —2KI + %}‘;Fl +2D + 2B,
+6BoI'/2 + 4IB,, (9)
G(I) = 41 By + 8ByI*/? + 41* By, (10)
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limit on 79, 71 and 5. When ag < 0, 79, 7, and 7 have
to meet 0 < 79,71,72 < —(K + ag)/2Kag. The steady-
state probability density function Py (I) can be obtained

By = 11
O T 142Kn(1—K/F)’ D by B (7),
Al a
B, — D (12)  Pa=No(Bal +2BoI"? + By)* (- + )38
1+2Kr(1—-K/F)’ 3
Q By\/1 + By [Fy AT
By = . 13 X exp(asarctg( ————=) + a4/ —arct —),
> = ok K/ (13) p(azarctg( ﬁBle—Bgl) a1/ arcte( Fl)
Equation (7) should meet 1 + 2K79(1 — K/Fy) > 0, (14)
14+2K1(1-K/F1)>0,and 1+ 2K7(1 — K/Fy) > 0.
When ay is above the threshold (ag > 0), there is not any where Ny is the normalization constant and
P (a4Bl + CYGA/Fl)BQFlBl — 2BQBQA(D Bl) - 2A(K + 232)3031 (15)
v 4AByB, B
(B1Fi — BiA)AF,
Q2= ~7apg 2 2 (16)
F?B3 —2AF BBy + A2B} + 4AF, B§
O — —BoBQ + B%B2054 — BOB1045 — BOB1B2 + BoBlK (17)
3 — 3
ByBy+/|B1B2 — BE]
2AF2B,
= 5T AR BB, + 475 2 (18)
B3 1B1Bs + A2B? + 4AF, B§
(01431 + NlA/Fl)BQFl
= ) 19
@ 2By A (19)

The normalized intensity correlation function C(s) is
defined as!'?

(01t + 5)0I(t)),
((01)?) g

C(s) = (20)

In terms of the adjoint operator Lf;p of the operator
given by Eq. (8), 0I(t+s) can be expressed as §I(t+s) =
exp(Lips)dI(t). Thus, we can rewrite Eq. (20) and get
the assoc1ated Laplace transform

Cw) = /OOO exp(—ws)C(s)ds

o)
= o1 oIy .
(B2 \ " w—Lip [y

Using the projection operator method used by Fujisaka
and Grossmann!'® to deal with the Laplace resolvent

(21)

W= L;‘_P in Eq. (21), we havel15:16]
C(w) ! -
w) = —,
w + po + w+u1+:+:22+m
in which
wi = —<F7P2>St7 (23)
((01;))
((61:)%),,
N = — o, (24)
((01i-1)?)g
8141 = Siy1Lipdl;, (25)

with starting dIp = 61 and Sy = 1, the operator S; is
determined by

04
((6Li—1)*) g

where the operator (61;| acting on ¢(I) means the scalar
product

6L o) = (6Lip(D)) = / " PuD)oLp(D)dLL (27)

The projection operator K; projects ¢(I) onto the sub-
space associated with the variable §I;. The projector
S; projects onto the space orthogonal to the space con-
taining §I;. Setting n2 = 0, the approximation of the
intensity correlation function is

K,_1= Si—l - Si = <5Ii—l| ) (26)

50N wt
Clw) = (w+ po)(w + p1) +m’ (28)
(G(T))
Ho = 0P, 29)
(G ')y
= ) > + ug, (30)
< >5t 1
p1 = <(51) » + n—f — 2p0. (31)
Performing the Laplace converse transformation of
Eq. (28), we get
C(s) = Bexp(—a_s) + (1 - Bexp(—ass),  (32)
in which
oy = MO 1\/(ul — po)? — 4, (33)
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and g=t—a- (34)
ay —

By virtue of the expression of the normalized intensity
correlation function Eq. (32), the effects of the self-
correlation time and the cross-correlation time on C(s)
are discussed in Figs. 1 — 3. The solid line is the result of
the projection operator method, the open circles is the
result of numerical simulations from Egs. (2) to (6).

Figure 1 shows the C(s) as a function of the cross-
correlation time 7y for different values of ag. It is known
that C(s) is a measure of correlation between laser in-
tensity fluctuation at time ¢ and that of ¢ + s. We find
that C(s) increases with the increase of 7y if ag > 0. In
other words, the decay rate of the intensity fluctuation
becomes slower and slower with the increase of the cross-
correlation time 7. In the case of ag > 0, we also find
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Fig. 1. C(s) as a function of 7o for different values of ao;
Q=3,D=21=35"m=35K=1 A=3 \A=0.8.

075 e, 5= —0.024
0.94 {074
S
S
0.73
0.93 |
0.72
0.92

0o 5 10 15 0 5 10 15
! !
Fig. 2. C(s) as a function of 7y for different values of ao;

Q=3,D=21=35mn=35K=1 A=3 A=0.1.
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Fig. 3. C(s) as a function of 72 for different values of ao;
Q=3,D=21=35"m=35K=1,A=3,\=0.25.

that at larger value of 7y, there is almost no change for
C(s) when 7y changes. However, the decay rate of the
intensity fluctuation becomes faster and faster with the
increase of 79 when ag < 0.

In order to show the effects of the self-correlation time
71 of the additive noise on the statistical properties of
single-mode laser, C(s) versus 71 with different values of
ao are plotted in Fig. 2. A minimum and a maximum
C(s) appear with the increase of 71 when ag > 0; But
if ap < 0, C(s) decreases with the increase of 7. This
means that the decay rate of the intensity fluctuation
become faster and faster with the increase of m in the
case of ag < 0.

Figure 3 shows the C(s) as a function of the self-
correlation time 79 of the multiplicative noise for different
values of ag. It is shown that C(s) increases with the in-
crease of 7 if ap > 0. We can find that at larger value of
T2, there is almost no change for C'(s) when 75 changes as
ap > 0. When ay < 0, C(s) decreases with the increase
of 7. It is obvious that the effect of 7 is similar with
the effect of 79. From Figs. 1 — 3, we can see that the
larger the ag is, the larger the C(s) becomes, whenever
ap > 0 or ap < 0. From Figs. 1 — 3, we can also find
that the results of the projection operator method are in
agree with the results of numerical simulations.

In conclusion, the effects of the cross-correlation time
70 and the self-correlation time 7 and 75 on the statisti-
cal properties of single-mode laser are investigated. It is
found that when ap > 0, the normalized intensity corre-
lation function C/(s) increases with the increase of 75 and
T2; when ag < 0, C(s) decreases with the increase of 79,
71, and 7o. With increasing the self-correlation time 74,
a minimum and a maximum will appear on the curve of

C(s) as ag > 0.
B. Wang’s e-mail address is hnitwb@163.com.
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