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Pump-induced correlation between two lasers

A. Z. Khoury
Instituto de Fı´sica, Universidade Federal Fluminense, 24210-340 Nitero´i, RJ, Brazil

~Received 1 March 1999!

We have studied the intensity correlation between two lasers induced by the pumping mechanism. This
correlation is studied through the noise spectrum of the intensity difference between the two lasers. We have
shown, in the context of atomic lasers, that this spectrum may be smaller than the corresponding shot noise if
the pumping noises of the two lasers are correlated. 85% noise reduction with respect to shot noise is predicted
under reasonable operating conditions.@S1050-2947~99!04608-9#

PACS number~s!: 42.50.Lc, 42.50.Dv, 42.55.2f
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In the last decade, great attention and a large litera
have been dedicated to the control of quantum noise in
tical systems@1#. Many theoretical and experimental deve
opments have been achieved. In the experimental doma
is worthwhile to mention the demonstration of su
Poissonian behavior in the micromaser@2#, subshot-noise op
eration with semiconductor lasers@3#, the production of
squeezed light in bistable systems@5,6#, and twin beams with
optical parametric oscillators~OPO! @7#. It is also interesting
to mention the recent demonstration of squeezed light g
eration with a vertical cavity surface emitting laser~VCSEL!
@8#. These achievements are of great relevance from the
damental point of view as well as for many interesting a
plications regarding noise control in telecommunicatio
with optical systems or high-sensitivity measurements. Ma
experiments have been performed on high-sensitivity sp
troscopy of trace elements with squeezed light where b
OPOs@9# and diode lasers@10,11# were employed. Recently
twin beams generated by an OPO were also used@12,13#.

Quantum noise reduction in semiconductor lasers is ba
on the regular pumping principle originally proposed by G
ubev and Sokolov@14#. They showed that squeezed lig
could be generated by lasers provided that pumping n
was suppressed. This idea was successfully applied
Machida and Yamamoto@3#. They obtained squeezed ligh
from a diode laser by controlling the noise in the pump c
rent through the high impedance principle. Another intere
ing achievement concerning laser noise control is the pu
induced correlation between two diode lasers. In Ref.@4# it
was experimentally demonstrated both for diode lasers
light emitting diodes~LEDs! that intensity correlation below
the standard quantum limit~SQL! may be obtained by cor
relating their pumping currents.

In the present work we study the intensity correlation b
tween two lasers induced by the pumping mechanism.
results are derived in the context of atomic lasers, in cont
with those of Ref.@4# which were obtained for semiconduc
tor lasers. The difference between the photodetection sig
obtained from the lasers may present fluctuations below
standard quantum limit~shot noise!. The situation is analo-
gous to the one found in twin beams produced by OPOs
this case, however, the noise reduction is due to quan
correlation between the twin beams as a consequence o
two-photon nature of the radiation emission. In principle,
same kind of noise reduction may be obtained with two
PRA 601050-2947/99/60~2!/1610~4!/$15.00
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sers, being in this case induced by pump correlation. In a
ogy to OPOs we will call the correlated laserstwin lasers. It
may have many applications including high-sensitivity sp
troscopy using differential measurement as in Ref.@12#.

In order to calculate the quantum noise reduction in tw
lasers taking into account the pumping noise properties,
have adopted a well known approach to laser noise the
@15,16#. This approach is suitable for atomic lasers and h
been successfully used by several authors, showing g
agreement with experimental data@17,18#. In Ref. @16# a
general theory for quantum noise reduction in lasers w
developed where arbitrary pumping statistics was taken
account and no adiabatic elimination of atomic variables w
made. Thus, this theory is suitable for different kinds
atomic lasers having different relative magnitudes of
atomic and cavity decay rates. We will follow the basic ste
of Ref. @16# where a set of quantum Langevin equations w
derived for macroscopic atomic variables and electrom
netic field.

The atoms in the gain medium are modeled by a se
open two-level systemswith upperue& and lowerug& lasing
levels as described in Fig. 1. They may decay from th
levels to other levels whose dynamics will not be consider
The decay rates from levelsue& andug& are, respectively,ge
andgg , and the atomic polarization decay rate isgeg>(ge
1gg)/2. The atoms are pumped from the underlying lev
to the upper lasing levelue& with rate R. Cavity losses are
described by the intensity decay ratek. The atom-field inter-
action is treated under the usual electric-dipole and rotat
wave approximations, withg the coupling constant. We wil
restrict ourselves to the on-resonance case where the c
is tuned to the atomic transition frequency. Under these
sumptions one obtains the following quantum Lange
equations for the laser:

Ṅe~ t !5R2geNe~ t !2g@a†~ t !M ~ t !1M†~ t !a~ t !#1Fe~ t !,

Ṅg~ t !52ggNg~ t !1g@a†~ t !M ~ t !1M†~ t !a~ t !#1Fg~ t !,
~1!

Ṁ ~ t !52gegM ~ t !1g@Ne~ t !2Ng~ t !#a~ t !1FM~ t !,

ȧ~ t !52
k

2
a~ t !1gM~ t !1Fa~ t !,
1610 ©1999 The American Physical Society
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PRA 60 1611PUMP-INDUCED CORRELATION BETWEEN TWO LASERS
wherea anda† are, respectively, the photon annihilation a
creation operators,Ne and Ng are the macroscopic popula
tions of levelsue& and ug&, M is the macroscopic electri
polarization, andFm , with m5e,g,M ,M†,a,a†, are the cor-
responding fluctuation forces such that^Fm&50. In the Mar-
kov approximation, the fluctuation forces ared correlated:

^Fm~ t !Fn~ t8!&52Dmnd~ t2t8!, ~2!

whereDmn is the diffusion coefficient corresponding to var
ablesm andn. The macroscopic atomic operators are defin
in terms of the individual atomic operators by

Ne~ t !5(
j

Q~ t2t j !se
j ~ t !,

Ng~ t !5(
j

Q~ t2t j !sg
j ~ t !, ~3!

M ~ t !5(
j

Q~ t2t j !seg
j ~ t !,

wheret j is the time when thej th atom was pumped to leve
ue&, se(g)[ue(g)&^e(g)u, andseg[ug&^eu. Q is the Heavi-
side function which takes into account the fact that thej th
atom starts to contribute to the macroscopic variables at t
t j . From the above definitions of the macroscopic variab
one may obtain the macroscopic atomic fluctuation for
with contributions coming from the microscopic fluctuatio
forces and from pump noise. Since the atoms are pumpe
level ue&, the fluctuation forceFe(t) will carry the properties
of the pumping statistics. This fact will be particularly re
evant to our future discussion. We shall omit the details
the calculations~see Refs.@15,16#! and just present the ex
pression for the fluctuation force corresponding to the m
roscopic population of the upper level:

Fe~ t !5(
j

Q~ t2t j ! f e
j ~ t !1(

j
se

j ~ t j !d~ t2t j !2R, ~4!

where f e
j (t) is the upper level fluctuation force correspon

ing to atom j. We will be interested in the autocorrelatio
function

^Fe~ t !Fe~ t8!&5@ge^Ne~ t !&1R~12p!#d~ t2t8!. ~5!

The pumping statistics is described by the parameterp rang-
ing from 0 ~Poissonian pumping! to 1 ~regular pumping!.
The term proportional to (12p) in Eq. ~5! comes from the
last two terms in the right-hand side of Eq.~4!. Since we will
be interested in intensity fluctuations we shall restrict o
discussion to the amplitude quadrature fluctuationsdX(t).
For a stationary process we have

^dX~ t !dX~ t8!&5CX~ t2t8!, ~6!

FIG. 1. Relevant atomic levels for the laser model.
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where CX(t2t8) is the amplitude quadrature correlatio
function. In the strong field regime, where intensity fluctu
tions are much smaller than the average intensity^I &, the
intensity noise spectrum is given by

SI~V!5^I &14^I &SX
NO~V!. ~7!

SX
NO(V) is the Fourier transform of the amplitude quadratu

correlation function in normal ordering. The first term in th
right-hand side of Eq.~7! is the shot-noise contribution. A
in Ref. @16# the noise spectrum for the phase and amplitu
quadratures of the electromagnetic field may be obtained
linearizing the laser equations@Eqs. ~1!# around the steady
state and applying the Fourier transform. A set of algebr
equations is then obtained for the Fourier amplitudes of
atomic and field variables. These algebraic equations ma
solved for the amplitude quadrature fluctuation in terms
the Fourier transform of the fluctuation forces.

Let us now consider two identical lasers having the sa
values forge , gg , geg , k, andg. We suppose that the lase
are pump correlated so that their pumping rateR as well as
the pumping statistics parameterp are the same. We will
calculate the noise spectrum of the intensity difference
tween the two lasers,I 12I 2. In the strong field regime this
noise spectrum is given by

S2~V!5^I 1&1^I 2&14^I 1&SX1

NO~V!

14^I 2&SX2

NO~V!24A^I 1&^I 2&SX12
~V!. ~8!

The first two terms on the right-hand side of Eq.~8! corre-
spond to the shot noise. The other two terms are the in
vidual noise contributions in normal ordering and the la
term is the correlation term. This last term is the central po
in the present work. If the two lasers are completely ind
pendent, there will be no correlation between them so t
SX12

(V)50. However, if we suppose that the pumpin
mechanisms of the two lasers are correlated then we
have intensity correlation. We will show that in this ca
S2(V) may present subshot-noise values as in twin bea
generated by OPOs.

The correlation term may be written in terms of the co
relation function for the amplitude quadrature fluctuations
the two lasers:

SX12
~V!5E

2`

`

^dX1~ t !dX2~0!1dX2~ t !dX1~0!&eiVtdt.

~9!

We shall consider that all noise sources of the two las
apart from pump noise, are uncorrelated. Therefore, we
pect that the correlation functions^Fm

1 (t)Fn
2(t8)&50 except

for m5n5e. In this case, one can easily show from t
linearized laser equations that

SX12
~V!}E

2`

`

^Fe
1~ t !Fe

2~0!1Fe
2~ t !Fe

1~0!&eiVtdt. ~10!

In order to calculatê Fe
1(t)Fe

2(t8)& we will assume that
atomic reservoirs from different lasers are uncorrelated
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that all correlation will come from terms regarding pum
noise @last two terms in Eq.~4!#. This correlation will in-
volve the following averages:

K (
j

d~ t2t j !L andK (
j ,k

d~ t2t j
(1)!d~ t82tk

(2)!L ,

where t j
(1) is the time when thej th atom of laser 1 was

pumped andtk
(2) is the time when thekth atom of laser 2 was

pumped. The first average is just the pumping rateR @15,16#
which we assume to be the same for both lasers. The se
average may be easily calculated in the following limiti
cases:~i! No correlation, so that̂Fe

1(t)Fe
2(t8)&50, and~ii !

maximum correlation with time delayt0. In the last case, for
every atom pumped to the upper level in laser 1, there wil
another atom pumped in laser 2 after a time delayt0 so that
t j
(2)5t j

(1)1t0. In this case, the desired average may be c
culated with the method described in Ref.@15#, giving

^Fe
1~ t !Fe

2~ t8!&5R~12p!d~ t1t02t8!. ~11!

In order to separate the effects due to pumping regulariza
from those stemming from pumping correlation we shall
p50 ~random pumping! from now on. However, our result
may be easily extended to a general pumping statistics.

Partial correlation is taken into account in a straightf
ward manner. The two limiting cases considered above m
be interpolated by averaging Eq.~11! over a probability dis-
tribution P(t) for the time intervalt between two consecu
tive pumps, one in laser 1 and the other in laser 2.P(t) will
be characterized by the widtha and the average time dela
t0. These parameters, as well as the specific line shape
P(t), may be arbitrarily chosen in order to fit future expe
mental data. No correlation is obtained whena˜` and
maximum correlation corresponds toa˜0 whenP(t) tends
to a d distribution.

For two identical lasers we havêI 1&5^I 2& and SX1
(V)

5SX2
(V)[SX(V). In this case the intensity difference nois

spectrum normalized to the shot noise is given by

S2~V!

Sshot
5114FSX

NO~V!2
SX12

~V!

2
G . ~12!

The expression forSX(V) will not be presented here. W
refer the reader to Ref.@16#. From the linearized laser equa
tions we obtain our main result:

SX12
~V!5

a2bc2r ~r 21!~b21Ṽ2!

8~a1b!D~Ṽ !

P̃~V!1 P̃~2V!

2
,

~13!

where we have used the normalized parameters

a[ge /k,b[gg /k,c[geg /k,Ṽ[V/k,r[R/Rth

and
nd

e

l-

n
t

-
y

for

D~Ṽ ![U2 i ṼS 1

2
1c2 i Ṽ D ~b2 i Ṽ!~a2 i Ṽ!

1
abc~r 21!

a1b
~a1b22i Ṽ!~12 i Ṽ!U2

.

Rth is the threshold pumping rate andP̃(V) is the Fourier
transform ofP(t).

Different operating conditions may be considered with t
theory developed here, which is valid for any relative ma
nitude of the atomic and cavity decay rates. However,
will show only the results corresponding to the so-call
good-cavity limit for whicha, b, c@1. Besides, it is ex-
pected that the best squeezing is obtained forb@a @14#. In
Figs. 2 and 3 we plotted the intensity difference noise sp
trum normalized to shot noise for different values ofa and
t0. For total correlation (a50) about 85% noise reduction i
expected at zero frequency under the operation condit
considered. The width of the squeezed region is of the or
of k. From Fig. 2 it can be seen that the correlation is was
out whenka@1. In this caseS2(V)/Sshot tends to the indi-
vidual noise spectrum of the lasers and the squeezed re
of the spectrum becomes narrow. As an example, we h
taken an exponential distribution:

P~t!5
e2ut2t0u/a

2a
. ~14!

FIG. 2. Intensity difference noise spectrumS2(V) normalized
to shot noise. Dashed line corresponds to the individual laser n
spectrumSI(V)/Sshot. Solid lines from bottom to top correspond
respectively, toka50,1,5,50. For all curvest050, a5102, b
5104, c5102, r 510, p50.

FIG. 3. S2(V)/Sshot for different values of the time delayt0.
For all curvesa50, a5102, b5104, c5102, r 510, p50.
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PRA 60 1613PUMP-INDUCED CORRELATION BETWEEN TWO LASERS
The average time delayt0 produces oscillations in the nois
spectrum also reducing the squeezed region as shown in
3. These results indicate that the conditionska and kt0
!1 must be satisfied in order to achieve optimum noise
duction.

In conclusion, we have studied, in the context of atom
lasers, the intensity correlation between two lasers indu
by the pumping mechanism. The intensity difference no
spectrum was calculated and subshot-noise behavior
predicted even for Poissonian pumping. The same kind
pump-induced correlation has already been demonstr
with two semiconductor devices@4#. This kind of intensity
correlation is analogous to the one observed in twin bea
generated by OPOs, which has been recently used for h
sensitivity spectroscopy@12#.

A possible experimental approach for implementation
et

.

.

no

n

s

ig.

-

c
d

e
as
of
ed

s
h-

f

atomic twin lasers would employ two lasers optica
pumped by twin beams generated either by an OPO or
two diode lasers as in Ref.@4#. The main experimental diffi-
culty is related to the quantum efficiency of the pumpi
mechanism. Twin beams in a variety of wavelengths may
obtained if satisfactory quantum efficiencies are attained.
cently, special attention has been given to the developm
of low noise Nd:YVO4 microchip lasers@19,18#. These la-
sers operate at 1064 nm and are optically pumped by d
lasers at 810 nm. An interesting possibility would be
pump two microchip lasers with two correlated diode las
and check the correlation transfer. The theory developed h
shows that this transfer is possible provided that eno
quantum efficiency is obtained in the pumping process. T
pumping noise model used has been shown to be suitabl
Nd:YVO4 microchip lasers@18#.
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