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The intensity-noise properties of a constant-current-driven multimode semiconductor laser were stud-
ied theoretically and experimentally. It was shown that the total intensity noise of a pump-noise-
suppressed multimode semiconductor laser was reduced to below the standard quantum limit even
though the intensity noise of each individual mode had large excess intensity noise. This discovery stems
from negative quantum correlations between longitudinal-mode intensities.
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I. INTRODUCTION

It has been predicted theoretically that the intensity
fluctuation on the field emitted from a pump-noise-
suppressed single-mode laser operating at well above the
threshold is reduced to below the standard quantum limit
(SQL) [1]. In the case of a semiconductor injection laser,
the pump noise is easily suppressed to below the shot-
noise level by a high-impedance constant-current source
[2]. Light from such a constant-current-driven semicon-
ductor laser featuring squeezed intensity fluctuations has
been experimentally demonstrated [3—6]. More recently,
intensity noise that was reduced to below the SQL by
more than 10 dB has been demonstrated [7]. In these ex-
periments, the spectrum of the semiconductor laser usu-
ally featured a single longitudinal mode.

However, we have recently observed that the intensity
squeezing is observed not only in a single-mode-
oscillation case but also in a multimode-oscillation case.
This intensity squeezing in a multimode oscillation is due
to the negative quantum correlations between the intensi-
ty fluctuations of different longitudinal modes. In a two-
mode optical parametric oscillator, it has been demon-
strated that the signal and the idler intensity fluctuations
exhibit the positive quantum correlations and the noise
on the intensity difference between the two beams is re-
duced below the shot-noise value [8].

In this paper we will show that a pump-noise-
suppressed multimode semiconductor laser produces the
negative quantum correlations between the intensity fluc-
tuations of different longitudinal modes. Because of this
quantum correlation, the total intensity noise is
suppressed to below the shot-noise value, even though the
intensity noise of each longitudinal mode is much higher
than the shot-noise value.

II. LANGEVIN EQUATIONS FOR A MULTIMODE
SEMICONDUCTOR LASER

In order to analyze the quantum-noise properties of a
multimode semiconductor laser, we employ the operator
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Langevin equations. There are four assumptions for our
analytical model.

(1) The total number of the lasing modes is three, that
is, one main mode and two side modes.

(2) The stimulated emission gain of the main mode is
slightly higher than those of the side modes due to a
finite-gain bandwidth. The stimulated-emission gains of
the two side modes are the same. The difference between
the main-mode gain and the side-mode gain results in the
difference between the spontaneous-emission coefficients
of those modes because of Einstein’s relationship for A
and B coefficients.

(3) All modes have the same output coupling (mirror)
loss and internal loss.

(4) Ideal population inversion is created in the active
layer, so the stimulated absorption rate is neglected.

All of these assumptions are a fairly good approxima-
tion for the experimental results using a GaAs
transverse-junction-stripe laser operated at 60 K, which
will be presented later. We derive the multimode
Langevin equations for the internal photon number of
each mode and the total excited electron number. The
relation between the internal and external fields and the
correlation functions for the noise sources are used to cal-
culate the external intensity spectral densities of each lon-
gitudinal mode and the correlation spectral densities be-
tween different longitudinal modes.

A. Multimode Langevin equations and correlation
functions for the noise operators

The multimode Langevin equations for the cavity
internal photon-number operator #;, is given by

dn; _ ~ ~ N
—_—= A,-(NC)—L A, +E,;+G/(t)+g,(t)+f,(¢) .
dt T, ’

(2.1)
Here the subscript i indicates the ith longitudinal mode.
1/7, is the photon decay rate, which is decomposed into
the internal loss contribution 1/7,, and the output cou-
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pling contribution 1/7,, as

1.1 (2.2)

T Tpo  Tpe

A;(N,) is the stimulated emission rate per lasing photon,
which is equal to the spontaneous emission rate E_, ; due

to Einstein’s relationship,

AN)=E,; . (2.3
Here we assume the ideal population inversion and so
neglect the stimulated absorption rate Evc, The noise
operators G,(t), §;(t), and f t) are associated with the
random processes of stimulated-emission gain, internal

loss, and output coupling (mirror) loss. The correlation
functions for these noise operators are

(Gi(1)G(u))=8(t—u){E, ){A;), 2.4)
(8,()8:(u))=8(t—u —(fi,.), (2.5)
po
<ﬁ(z)ﬁ<u)>=a(z—u);1—<ﬁi> . (2.6)
pe

The noise operator f, represents the contribution of the
|

0, pump-noise-suppressed laser
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zero-point fluctuation fe coupled into the cavity through
the partially reflecting mirror. We use a tilde to denote
the operators for the electron system and a caret to
denote the operators for the field system. The Langevin
equation for the total excited electron-number operator
N.(1) is given by

dN,(t) N,
=P———A4,(N,)#i,— 4,(N.)n,
dt Tep
— Ay(N )Ry —E, +T,(1)+T(1)+T(),

2.7

where P is the pumping rate and 7, is the spontaneous-
emission lifetime of the electrons. E, is the
spontaneous-emission rate into all the lasing modes,

Ecu =Ecu,1 +Ecv,2+Ecu,3 ’
while N, /Tgp is the spontaneous-emission rate into all
nonlasing modes. Fp(t), ~I“sp(t), and I'(z) are
fluctuating-noise operators. I',(¢) is the pump noise,
I‘sp(t) is the spontaneous-emission noise, and I'(¢) is the
stimulated-emission noise. The correlation functions for

these noise operators are

(2.8)

(T, ()T, (u)) 6(t —u )P, shot-noise-limited pump laser , (2.9)

- (N

(T u))==6(t—u) , (2.10)
Tp

(T(t)r(u)>=8(t—u)((ECUJ)(ﬁ])+<ECU,2><ﬁ2)+(Ewy3>(ﬁ3)) (2.11)

Since the two operators G,;(¢) and T'(¢) come from the

same origin (the stimulated-emission processes), they
have the correlation
(G/(t)T(u))=—8(t—u)E, ;){A;) . (2.12)

B. Noise spectral densities

Let us consider a laser oscillator pumped at well above
the threshold. For this region, the operator Langevin
equations (2.1) and (2.7) can be solved by the quasilineari-
zation procedure. We expand the operators into c-
number mean values and fluctuating operators according
to

N.(t)=N_+AN,(2), (2.13)

A (t)=n,+ AR, =a2 +2a,A8,(t) , (2.14)

AN, )“(A)+d(1>A1V ) (2.15)
dN,, ¢

Here N, a;o, and n;, are the average excited electron
number, field intensity, and photon number. AIVC, Aa;,
and Af; are the Hermitian excited-electron-number,
field-intensity and photon-number operators. Substitut-
ing (2.13), (2.14), and (2.15) into (2.1) and (2.7), and

r . . .
neglecting the terms in the order of AZ, we obtain the fol-
lowing linearized operator equations:

dAg;

1 =~ 1 ~ ~
—_—= . + —[G;(t)+g:(t)+ f;(t)],
— = 4,88, + 4,AN, 20“}[6,(:) g0+ 7Fi())
(2.16)
dAN,
7 + A5Aa,
+T,()+T,(0)+T(), (2.17)
where
N,
,=Ei—9 L (2.18)
Tsp Tp
a:np:
AZI—'ﬁ, (2.19)
2Tsp
n mpB(nyy+ny)
A=— _1_+B‘°+ Blnyntny , (2.20)
7—sp sp 7-sp
N,
A,=— am———BT <0 2.21)
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mpBN,, TABLE 1. Expressions for the coefficients C;, D;, a;, E;, and
As=—2ay, - . (2.22) F; defined in the text.
sp
.. . Symbol E i
Here f3; is the spontaneous-emission coefficient of the ith ym>o Xpression
mode. We also used the following relation: c a10B7,
BN ! 2(7p—BNoT,)
(4,)=(E,,)=""", (2.23) c, __axmBr,
’ Tsp 27y, —mPBNoT,)
_ . D TSPTF
B;=pB (main mode) , (2.24) ! T~ BNcoT,
B,=B;=m}p (side mode) , (2.25) D, _ TwT
Tsp—mBNco‘rp
where m < 1. Fourier transforms of (2.16) and (2.17) are
expressed as a _ 2a,0D,BNo
. - 1+Bn,o+2BN.0a,0C, +2mPB(n,g+2N,0a20C,)
iQAB;(Q)= 4,A8,(Q)+ 4,AN (Q) N “omanD.BN.g
. ~ ~ * 14+ B 10+ 2BN 00 16C1 +2mB(n20+2N0a2C,)
@io ’ 14+Bn10+2BN.0a10Cy +2mPB(ny +2N0a5C,)
and
- _ E] (amC]+a20C2+a30C3)a|+a10D1
IQAN (Q)=A;AN (Q)+ A,Aa8,(Q) E, (a10Cy+ayC;taCslay+ayD,
E (a10CtayC,+asCsla
+ AAG,(Q)+ A;A85(Q) 3 1001 T a0 Taszlsla;
— -~ - Fl 2C2a1
+I,(Q)+ T (Q)+T(Q) . (2.27) F, 2C,a,+D,
To simplify the analysis we solve these equations in the Fy 2Ca4

limit of Q—0. From these equations N,(0) is eliminated,
and the expression for the internal intensity noise A@;(0)

. ) The expressions for the coefficients C;, D;, and a; are
is obtained as

given in the Table I.

Aa’,(g)=Ci[a1ﬁrl(0)+azﬁ,2(0)+azﬁ,3(0)+a3f‘(0)] The output field-intensity fluctuation is expressed in
terms of the internal field fluctuation and the incident
+D,A,(0), (2.28)  (and reflected) zero-point fluctuation as
where 1 1" Fit)
I A7 (2)= - il )—W . (2.31)
A,(0=5—[G,(0)+£(0)+]0], (2.29) pe Tpe
_ _ o _ _ Substituting (2.28) into the Fourier transform of (2.31),
F(0)=T,(0)+T;,(0)+I0) . (2.30) we obtain
1
f-l(o) 1 172 _
A?,.(o)=—ﬁ/—)”_2 - {C;[a,H,,(0)+a,H,,(0)+a,A,,(0)+a,F(0)]+D,;H,(0)} . (2.32)
Tpe pe

The resulting expressions for the intensity-noise spectral densities of each longitudinal mode and the total modes are
given by

2 2
P o=l Tpe—C1a;— D, N a,C, +(C1a1+D1)2+2a§C%
ary 2 Tpe Tpe 2T e Tpo
2 2
2PN, a,C,+D 4mpN, C,a 2a2C? N,
+ 0 |l 00,0 Cy | F——2 [ —ayap0Cy | +—— [P+ =2, (2.33)
TspTpe 2 TspTpe 2 Tpe Tsp
2 2
7,,—Cya,—D C
P, =1 Tem20 2 1L (4D, 24— (ad+ad) [+
2 2 Tpe 2‘rpe po 27',,6 Tpo Tpe
2 2
ZmBNCO C2a2+D2 2BN(:0 Czal
+ 2 —Cra3ay T —Cyazay
TspTpe TspTpe
2
2mpBN,, | C,a 2C%a} N,
+ 0 272 - C2a3a 20 + 23 0 > (2-34)
TSpre 2 Tpe TSp
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and
2 2 2
) T.,a10—E T,,d,—E BN, E
PA?( — pe*“10 1 42 pe*20 2 + c0 ._1 "E3[1 i
not2n,y, 27,, 27, TspTpe | 2
2
2mfN, E E?+2E2 E? N,
+ 222 Eiayy | A2 22 p 2| | (2.35)
TspTpe 2 4Tpe Tpo Tpe Tp
where
A?P=A?, + AP, + A7, . (2.36)

The expressions for the coefficients E; are given in Table 1.

C. Cross-correlation spectral densities

In order to study the correlation between different longitudinal-mode intensity fluctuations, we calculate the cross
correlations. The resulting expression for the cross correlations are

Ca,+C,a
(&7, (087,00 =1 |1+ L |, Cy(a2+2a2)+ Cpa,D, +CpayD, ] — 2T 2%
T T
pe pe po pe
CZBNL‘O
+ —— [al(C1a1+D1—4C1a3alo)—2a3(Dla10—2C1a3n10)]
TopTpe
C]mBNcO
+——[ay(Cra,+ D, —4C,a3a,0) —2a4(Dya,0 —2C,a3n,) ]
TopTpe
4C,C a3 mpN, N
+—12 —-2—+a2n —a,asa ——Co-i-az p+—=° , (2.37)
4 3120~ AyQ3d 3
Tpe sp Tsp
F(C,a,+D,) BN, 2F,C,a mpfN,
(AP (0)APy(0)) =T ) b 1 PR 2o | 1 1 PP e
Tpe Tpe  Tpo Tsp Tpe Tpe  Tpo Tsp
4F.C,a N on mpBN_q4n N,
M et 5'c01<)+3c020+1,+ <0
Tpe 47'Sp Tsp Tep
F,+2C,a 2a 48N, 4mpBN . q,a
L T O E(Ca D))+ FrayCy ] - ——— 2 (F,Ca, + F,Cias) ,  (2.38)
Tpe TspTpe TspTpe

where
A7,3(0)=A?,(0)+AP5(0) . (2.39)

The expressions for the coefficients F; are given in Table
I

III. NUMERICAL RESULTS

A. Steady-state lasing characteristics

When we obtain the linearized operator equations
(2.16) and (2.17), we also obtain the following steady-state
equations:

N, N _ _
0=P—— O (A nyo+ Ay ny+{ A3dny)—(E,) ,
sp
(3.1)
0= [(4) =L |no+(E..) . (3.2)
Tp

We solve the steady-state equations (3.1) and (3.2) numer-
ically. The following numerical parameters are assumed:
Te=1X10""s, 7, =1X10"2s, 7,,>>7,, B=1X107%,
m =0.999 95 (case 1), and m =0.995 (case 2). In case 1,
we assume the stimulated-emission gain for the main
mode is higher than that for the side mode only by a fac-
tor of 10™°. This assumption is based on the model for
the Gaussian gain-envelope function with 300-A_ gain
width and the longitudinal-mode separation of 3 A. In
case 2, the difference of the stimulated-emission gain be-
tween the main mode and the side mode is larger than
that in case 1 by a factor 10°. Figure 1 shows the steady-
state photon numbers and the total excited-electron num-
ber as function of a pumping rate (electrons/sec). At the
threshold (10'® electrons/sec), the three modes have
roughly equal photon number. At well above the thresh-
old, the photon number of the main mode is much higher
than that of the side mode. It is shown that the three-
mode laser oscillation is well modeled by introducing the
different 3 values for the main and side modes. The ratio
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FIG. 1. The steady-state photon numbers of the main mode
(a) and the side mode (b) and the total excited-electron number
(c) as a function of a pumping rate (electron/sec). Numerical
parameters are as follows: 7,=1X107% s, 7,,=1X10"" s,
Tpo >>Tpe, B=1X 10™%, m=0.999 95 (solid line), and m =0.995
(dashed line).

between the photon numbers n,, of the main mode and
n, of the side mode at a certain pumping rate is deter-
mined by the ratio m between 8, and f3,.

B. The external intensity-noise spectral densities

The external intensity-noise spectral densities are given
by (2.33), (2.34), and (2.35). We calculate these noise
spectral densities numerically under the assumption that
the pumping noise is suppressed completely. The numer-
ical parameters are the same as those of the previous sub-
section. Figure 2 shows the external intensity-noise spec-
tral densities as a function of a pumping level. In case 2,
the intensity-noise spectral densities are much smaller
than those in case 1. This is due to the larger gain
difference between the main mode and the side mode. It
is demonstrated that the external intensity-noise spectral
density of each individual mode is much larger than the
standard quantum limit (SQL), but the total external
intensity-noise spectral density is reduced to below the
SQL as the pumping level increases. This result suggests
that the intensity squeezing will be observed for a pump-
noise-suppressed multimode semiconductor laser only
when the total intensity is measured.

L 10 by
25 [T b,
8 SQL
<
00 10° 100 18
Pumping Level

FIG. 2. The external intensity-noise spectral densities at
Q=0 of the main mode (a,) and (a,), the side mode (b,) and
(b,), and the total modes (c) as a function of a normalized
pumping level I/I,—1. The solid line corresponds to
m =0.9995 and the dashed line to m =0.995.
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FIG. 3. The cross-correlation spectral densities at 2~0 as a
function of a normalized pumping level I /I, —1. The ordinate
is spectral density plus one, the cross correlation
PA,‘A,Z(O.)/[PA,\(Q)PA,Z(Q)]'/2+1 is plotted. The solid line

corresponds to m =0.99995 and the dashed line to m =0.995.
a: The cross-correlation spectral density between the main
mode and the sum of the two side modes. b: The cross-
correlation spectral density between the main mode and one
side mode.

C. Cross-correlation spectral densities

The cross correlation between the main mode and one
side mode is given by (2.37), and the cross correlation be-
tween the main mode and the sum of the two side modes
is given by (2.38). We calculate these cross-correlation
spectral densities numerically under the assumption that
the pumping noise is completely suppressed. The numer-
ical parameters are the same as those of the previous
analysis. Figure 3 shows the cross-correlation spectral
densities as a function of a pumping level. Here we nor-
malize the cross correlation by [P ar, (0P A?2(0)]’/ 2 and
[PA?I (O)Pmn(
strates that the negative correlation is formed between
the main mode and the side mode at above the threshold.
The very strong negative correlations on the order of
—0.9999 (case 1) and —0.999 (case 2) is formed between

the main mode and the sum of the two sidemodes. This
difference of the order of negative correlation between

0)]'/2, respectively. This figure demon-

Monochro- Monochro-
meter 1 meter 2
CRYOSTAT APD APD
s Amplifier Amplifier
Rs
o4 ;
0k
= Digital | | Personal
: Oscilloscope Computer

FIG. 4. The experimental setup for the measurement of the
cross correlation between the intensity fluctuations of the two
longitudinal modes (LD denotes laser diode, APD denotes
avalanche photodiode).
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case 1 and case 2 corresponds to that of the intensity-
noise spectral densities. The physical origin for such neg-
ative correlation is the cross-gain saturation; that is, the
increase (or decrease) of the spontaneous-emission cou-
pling to the main mode makes the intensity of the main
mode higher (or lower); then the gain of the side mode is
suppressed (or enhanced). This noise-reduction mecha-
nism is true of the more general case in which the num-
ber of the lasing mode is more than three and their gain
profiles are asymmetric, as far as the gain is homogene-
ously broadened. This is the reason why the total
intensity-noise spectral density is suppressed to below the
SQL as the pumping level increases, even though the
intensity-noise spectral densities of the individual modes
are much larger than the SQL.
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FIG. 5. The measured cross correlation factors CUIUZ(T) for

various low-pass-filter bandwidths B. (a) B=70 MHz, (b)
B=10MHz, (c) B=4 MHz, and (d) B=2 MHz.
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FIG. 6. The spectra of the semiconductor laser in the two
different injection currents I and temperatures 7. (a) 1=6.5
mA, T=60K and (b) I=10mA, T=20K.

IV. EXPERIMENT

We performed two experiments for a pump-noise-
suppressed multimode semiconductor laser. One is the
measurement of the total intensity-noise level normalized
by the SQL. This experiment was performed by the same
procedure as the previous experiment [7]. The other is
the measurement of the cross correlation between the two
longitudinal-mode intensity fluctuations.

A. Experimental setup and data analyzing procedure

The experimental setup for the measurement of the
cross correlation is shown in Fig. 4. The semiconductor

) 2} s "
=
< SQL
1 R
L a i
%o fane, |
o | a [
= |
—4l . J
1 10 100
Pumping level
(a)
|
a0 SaL |
Z s 1
%_2 4 ataa }l
Tv a |
(2] A |
L2 -
1 10 100
Pumping level
)

FIG. 7. The measured total intensity-noise level normalized
by the shot-noise level as a function of the normalized pumping
level I/I,—1. (a) T=60 K, I,;,=0.7 mA, and (b) T=20 K,
I,=0.4 mA.
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laser, the high-impedance bias circuit, and the collimat-
ing microlens are mounted inside a cryostat. A GaAs
transverse-junction-stripe semiconductor laser (Mitsu-
bishi model ML-3308) was used at 20-70 K. Two modes
are selected by monochrometer 1 and 2 and then detected
by the Si avalanche photodiodes (APD’s). The intensity
fluctuations of these modes are amplified and memorized
in a dual-channel digital oscilloscope. The sampling time
of the digital oscilloscope is 5 nsec. The data memorized
in the digital oscilloscope are analyzed by a personal
computer.
Cross-correlation function is defined by

Cvlvz(*r)=f_wwvl(t)v;(t—T)dt, 4.1
where v () and v,(¢) are the intensity fluctuations. In
order to obtain this cross-correlation function, we use the
following relation:

Ulvz(r)=ﬁl(w)ﬁz"(w) , 4.2)
where the caret denotes the Fourier transform of the
function. The data analyzing procedure is follows. The
measured intensity fluctuations v,(¢) and v,(#) memor-
ized in the digital oscilloscope are Fourier transformed
and low-pass filtered by a computer. Then, we calculate
the right-hand side of (4.2), and the product is inversely
Fourier transformed. The low-pass filtering is performed
to exclude the high-frequency noncorrelated fluctuation
components and to view only low-frequency correlated
components. Figure 5 shows the cross correlation be-
tween the two intensity fluctuations for the different filter
bandwidths. This figure demonstrates that the correla-
tion time depends on the filter bandwidth, that is, the
correlation time becomes longer as the filter bandwidth
becomes narrower.

0,
4
3 o b
v a
2 c
o1 o0z o3 o4
Frequency (GHz)
(@
0
§ -
©
G40 ¢
Q b
K2l
560
0 0.1 0.2 0.3 0.4

Frequency (GHz)
®
FIG. 8. The measured intensity-noise spectral densities of the
three individual longitudinal modes at 1=6.5 mA and T=60
K. (a) Measured noise spectra and (b) noise spectra normalized
by the corresponding photocurrents.
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FIG. 9. The cross correlation between the main-mode and
the side-mode intensity fluctuations at /=6.5 mA and 7T=60
K. The bandwidth of the low-pass filter is B=10 MHz. Com-
plete negative correlation is expressed by —1. (a) The cross
correlation between the mode b and the mode ¢ and (b) the cross
correlation between the mode b and the mode a.

B. Experimental results

Experimental results are classified into two cases. One
is the case that the intensity-noise spectral density of the
main mode is the largest. The other is that the intensity-
noise spectral density of the side mode is larger than that
of the main mode. The experimental results of these two
cases indicate how the negative correlations are formed
and the total intensity noise is squeezed.

B o

Noise Llevel (dBm)
=3

o 8

0.1 0.2 0.3 0.4
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(@

[=)

3

|
E3
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Noise Level (dBm)

o 8

0.1 0.2 0.3 0.4
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()

FIG. 10. The intensity-noise spectral densities of the four in-
dividual longitudinal modes at 10 mA and 7=20 K. (a) The
measured noise spectra and (b) the noise spectra normalized by
the corresponding photocurrents.
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FIG. 11. The cross correlation between the intensity fluctua-
tions of the two longitudinal modes at / =10 mA and 7=20 K.
The bandwidth of the low-pass filter is B=10 MHz. (a) The
cross correlation between mode b and mode ¢ and (b) the cross
correlation between mode ¢ and mode d.

Correlation factor

First we show the experimental results of the former
case. Figure 6(a) shows the spectrum of the laser oscilla-
tion modes driven by a dc current of 6.5 mA at 60 K.
This spectrum corresponds to our analytical model
presented in the previous section. Figure 7(a) shows the
total intensity-noise level normalized by the SQL as a
function of the pumping level. Figures 6(a) and 7(a)
demonstrate that the intensity squeezing was observed for
the pump-noise-suppressed multimode semiconductor
laser if we measure the total intensity noise. Figure 8(a)
shows the intensity-noise spectral densities of the three
longitudinal modes. The normalized intensity-noise spec-
tral densities by the corresponding photocurrents are
shown in Fig. 8(b). These noise characteristics also corre-
spond to the theoretical model of the previous section
(Fig. 2). Figures 9(a) and 9(b) show the cross correlation
between the main mode and the two side-mode intensity
fluctuations. These figures demonstrate that there are
negative correlations between the intensity fluctuations of
the main mode and the side mode. This experimental re-
sult is in agreement with the numerical results (Fig. 3).

Next we show the experimental results for the latter
case. Figure 6(b) shows the spectrum of the laser oscilla-
tion modes driven by a higher dc current of 10 mA at a
lower temperature of 20 K. Figure 7(b) shows the total
intensity-noise level normalized by the SQL as a function
of the pumping level. The intensity squeezing was also
observed. Figures 10(a) and 10(b) show the intensity-
noise spectral densities and the normalized ones by the
photocurrents. Figure 10(a) shows that the intensity-
noise spectral density of the main mode [10(c)] is smaller
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FIG. 12. Summary of the cross correlation measurements for
two cases. N; and P; denote the negative and positive correla-
tions. (a) /=6.5 mA, T=60 K, N;=—0.85 and N,=—0.50.
(b) I=10mA, T=20K, N,=-—0.93, N,=—0.82, N;=—0.76,
N,=—0.76, P,=0.72, and P,=0.57.

than that of the side mode [10(b)]. Figures 11(a) and
11(b) show the cross correlation between the intensity
fluctuations of the two longitudinal modes. The negative
correlations are not always formed between the intensity
fluctuations of the main mode and the side mode. There
exists also the positive correlation for such a complicated
spectrum case. Figure 12 summarizes the two experi-
mental results. Figure 12(b) shows that there are positive
correlations between mode a and mode b and also be-
tween mode ¢ and mode d. On the other hand, there are
the negative correlations between all the other combina-
tions. This means that the intensity fluctuations of one
group (modes b and a) are compensated for by the other
group (modes ¢ and d). By means of these negative
correlations between the two groups, the total intensity
fluctuations are reduced to below the SQL.

V. CONCLUSION

The intensity squeezing was observed not only for a
single longitudinal-mode semiconductor laser but also for
a multimode semiconductor laser. However, the intensi-
ty fluctuation of each longitudinal mode is much larger
than the SQL. This paper demonstrates theoretically and
experimentally that the total intensity fluctuation is re-
duced to below the SQL because of the quantum-
mechanical negative correlations between the longitudi-
nal modes. These quantum mechanical negative correla-
tions are to be formed between the noisiest mode and the
other modes.

The semiconductor laser used in this experiment has a
highly doped active layer (P~10' cm?), so the gain
profile is expected to be nearly homogeneously broadened
even at a low temperature. This is the reason why there
exists the correlation between the intensity fluctuations of
the different longitudinal modes. If the gain medium is
inhomogeneously broadened, the correlation will disap-
pear. In this case, the total intensity fluctuation will not
be reduced. This was also confirmed in a multimode
semiconductor laser with a nondoped active layer.
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