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Pump-induced correlation between two lasers
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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 conditiof$1050-294{©9)04608-9

PACS numbeis): 42.50.Lc, 42.50.Dv, 42.55f

In the last decade, great attention and a large literatursers, being in this case induced by pump correlation. In anal-
have been dedicated to the control of quantum noise in opagy to OPOs we will call the correlated laséwgn lasers It
tical systemg1]. Many theoretical and experimental devel- may have many applications including high-sensitivity spec-
opments have been achieved. In the experimental domain itoscopy using differential measurement as in R&2].
is worthwhile to mention the demonstration of sub- In order to calculate the quantum noise reduction in twin
Poissonian behavior in the microma§2], subshot-noise op- lasers taking into account the pumping noise properties, we
eration with semiconductor lasef8], the production of have adopted a well known approach to laser noise theory
squeezed light in bistable systefs6], and twin beams with [15,16. This approach is suitable for atomic lasers and has
optical parametric oscillatof©PO) [7]. It is also interesting been successfully used by several authors, showing good
to mention the recent demonstration of squeezed light gerRgreement with experimental data7,18. In Ref. [16] a
eration with a vertical cavity surface emitting laseiCSEL) ~ general theory for quantum noise reduction in lasers was
[8]. These achievements are of great relevance from the furfleveloped where arbitrary pumping statistics was taken into
damental point of view as well as for many interesting ap-&ccount and no adiabatic elimination of atomic variables was
plications regarding noise control in telecommunicationsmade. Thus, this theory is suitable for different kinds of
with optical systems or high-sensitivity measurements. Manytomic lasers having different relative magnitudes of the
experiments have been performed on high-sensitivity spectomic and cavity decay rates. We will follow the basic steps
troscopy of trace elements with squeezed light where botRf Ref.[16] where a set of quantum Langevin equations was
OPOs[9] and diode laserEL0,11] were employed. Recently der_ive_d for macroscopic atomic variables and electromag-
twin beams generated by an OPO were also (i$&dl3. netic field. _ _

Quantum noise reduction in semiconductor lasers is based The atoms in the gain medium are modeled by a set of
on the regular pumping principle originally proposed by Gol-0pen two-level systemith upper|e) and lower|g) lasing
ubev and Sokolo14]. They showed that squeezed light levels as described in Fig. 1. They may decay from these
could be generated by lasers provided that pumping noistevels to other levels whose dynamics will not be considered.
was suppressed. This idea was successfully applied byhe decay rates from levels) and|g) are, respectivelyy,
Machida and Yamamotf3]. They obtained squeezed light and y4, and the atomic polarization decay rateyig=(ve
from a diode laser by controlling the noise in the pump cur-1 ¥¢)/2. The atoms are pumped from the underlying levels
rent through the high impedance principle. Another interestto the upper lasing levek) with rate R. Cavity losses are
ing achievement concerning laser noise control is the pumpdescribed by the intensity decay rateThe atom-field inter-
induced correlation between two diode lasers. In Ré&F.it action is treated under the usual electric-dipole and rotating-
was experimentally demonstrated both for diode lasers an@ave approximations, witly the coupling constant. We will
light emitting diodesLEDs) that intensity correlation below restrict ourselves to the on-resonance case where the cavity
the standard quantum lim{SQL) may be obtained by cor- is tuned to the atomic transition frequency. Under these as-
relating their pumping currents. sumptions one obtains the following quantum Langevin

In the present work we study the intensity correlation be-equations for the laser:
tween two lasers induced by the pumping mechanism. Our
results are derived in the context of atomic lasers, in contrasty —R— _qrat t
with those of Ref[4] which were obtained for semiconduc- Ne(D=R=7eN() =gl (OM(D+MT(H)a(t)]+Fe(t),
tor lasers. The difference between the photodetection signals .
obtained from the lasers may present fluctuations below the Ng(t)=— ygNg(t) +gla’ (M () +MT(Ha(t) ]+ Fy(t),
standard quantum limigshot nois¢ The situation is analo- (1)
gous to the one found in twyn beams _prod_uced by OPOs. In M (1) =~ 76gM (1) + g[N(t) = Ng(t) Ja(t) + F (1),
this case, however, the noise reduction is due to quantum
correlation between the twin beams as a consequence of the
two-photon nature of the radiation emission. In principle, the o K
same kind of noise reduction may be obtained with two la- a(t 2a(t)+gM(t)+Fa(t),
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|e> ) where Cy(t—t') is the amplitude quadrature correlation
PR L function. In the strong field regime, where intensity fluctua-
lg> IRINA tions are much smaller than the average inten&iy the
Y intensity noise spectrum is given by
FIG. 1. Relevant atomic levels for the laser model. S(Q)=(1)+4( >SXNO(Q)_ 7)

wherea anda' are, respectively, the photon annihilation and SN°(()) is the Fourier transform of the amplitude quadrature
creation operatord\. and N, are the macroscopic popula- correlation function in normal ordering. The first term in the
tions of levels|e) and[g), M is the macroscopic electric right-hand side of Eq(7) is the shot-noise contribution. As
polarization, and, , with u=e,g,M,M",a,a’, are the cor-  in Ref.[16] the noise spectrum for the phase and amplitude
responding fluctuation forces such thi&t,)=0. In the Mar-  quadratures of the electromagnetic field may be obtained by
kov approximation, the fluctuation forces afecorrelated: linearizing the laser equatior&gs. (1)] around the steady
(FL(DF (1)) =2D,,,8(t—t"), @ state and applying the Fourier transform. A set of algebraic

equations is then obtained for the Fourier amplitudes of the
whereD ,, is the diffusion coefficient corresponding to vari- atomic and field variables. These algebraic equations may be
ablesu andv. The macroscopic atomic operators are define

dsolved for the amplitude quadrature fluctuation in terms of
in terms of the individual atomic operators by the Fourier transfor_m of the.fluctl'Jatlon forces. .
Let us now consider two identical lasers having the same
. values forye, v4, veg, &, andg. We suppose that the lasers
Ne() =2 O(t—t))al(t), are pump correlated so that their pumping rBtas well as
! the pumping statistics parametgrare the same. We will
calculate the noise spectrum of the intensity difference be-

Ng(t)=2 @(t—tj)crjg(t), (3) tween the two laserd,; —1,. In the strong field regime this
J noise spectrum is given by
M(t) =2 O(t—t)alyt), 5—(9):<|1>+<|2>+4<|1>5>N<?(Q)

]

+4(1,)SNO(Q) — 4 (1,)(I Q). @
wheret; is the time when th¢th atom was pumped to level < 2>SX2( ) (2(12)Sx, (). (@
|€), Teg=le(9))(e(9)], andoeg=[g)(el. O is the Heavi- . g o 10 terms on the right-hand side of E8) corre-

side function which takes into account the fact that fife spond to the shot noise. The other two terms are the indi-
atom starts to contribute to the macroscopic variables at timg:

t; . From the above definitions of the macroscopic variable wdua] noise contri.butions in normal ordeﬁng and the Iast
o]ne may obtain the macroscopic atomic fluctuation forcezerm is the correlation term. This last term is the central point
with contributions coming from the microscopic fluctuation fn the present quk' If the two Ia;ers are completely inde-
forces and from pump noise. Since the atoms are pumped endent, there will be no correlation between them so.that
level |e), the fluctuation forcd=.(t) will carry the properties 12(9)__0' However, if we suppose that the pumping
of the pumping statistics. This fact will be particularly rel- Mechanisms of the two lasers are correlated then we may
evant to our future discussion. We shall omit the details of!ave intensity correlation. We will show that in this case
the calculationgsee Refs[15,16]) and just present the ex- S_(Q) may present subshot-noise values as in twin beams

pression for the fluctuation force corresponding to the mac9enerated by OPOs. _ _
roscopic population of the upper level: The correlation term may be written in terms of the cor-

relation function for the amplitude quadrature fluctuations of

j ' the two | :
Fo(h)=2 O(t—t)fL(t)+ > ol(t)a(t—t)—R, (4) e two lasers
) ]

_ Q =F SX1(1) 8X2(0) + 8X5(1) 5X1(0))e' Mdt.
wherefl(t) is the upper level fluctuation force correspond- S —x< 1(1) 5%(0) 2(1)6X4(0))

ing to atomj. We will be interested in the autocorrelation 9)
function
We shall consider that all noise sources of the two lasers,
(Fa(DFe(t"))=[ve{Ne(t))+R(1—-p)]58(t—t"). (5 apart from pump noise, are uncorrelated. Therefore, we ex-
pect that the correlation functiod§ ,(t)F5(t'))=0 except
for u=v=e. In this case, one can easily show from the
linearized laser equations that

The pumping statistics is described by the parametang-
ing from O (Poissonian pumpingto 1 (regular pumping

The term proportional to (% p) in Eq. (5) comes from the
last two terms in the right-hand side of Hd). Since we will w .
be interested in intensity fluctuations we shall restrict our SXlZ(Q)ocf (FLOF2(0)+F2(t)FL(0))e'dt. (10)
discussion to the amplitude quadrature fluctuatiodgt). —

For a stationary process we have N ) ]
In order to calculate(Fg(t)Fs(t’)) we will assume that

(8X(1) 8X(t"))y=Cx(t—1t"), (6) atomic reservoirs from different lasers are uncorrelated so
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that all correlation will come from terms regarding pump 1.5 |
noise[last two terms in Eq(4)]. This correlation will in-
volve the following averages: N
= "/ //
<E 5(t—tj)>anc<2 st—tMys(t' —t2) ), g / g
i ik » 05 [, / 1
[/
. . . a
where t{!) is the time when thgth atom of laser 1 was L/
pumped and{? is the time when th&th atom of laser 2 was 0o 1 5 3
pumped. The first average is just the pumping R{é5,16| Q/f

which we assume to be the same for both lasers. The second o _ _
average may be easily calculated in the following limiting FIG. 2. Intensity dlff_erence noise spectnﬁn_(ﬂ_) _normahzed _
casesi(i) No correlation, so tha¢Fé(t)F§(t’))=0, and (i) to shot noise. Dashed line corresponds to the individual laser noise

maximum correlation with time delay,. In the last case, for spectums, (€2)/Ssnr. Solid lines from bottom to top correspond,
. ' = respectively, toka=0,1,5,50. For all curves,=0, a=1C, b
every atom pumped to the upper level in laser 1, there will be” _ _ _
. ) =10%, c=10% r=10, p=0.
another atom pumped in laser 2 after a time delggo that

t?=t{"+ 75. In this case, the desired average may be cal-

culated with the method described in REf5], giving D()=|-i %+c—i&~))(b—iﬁ)(a—is~))
(FOFt)=R(1-p)o(t+n-t). (1D abo(r—1) a2
+W(a+b—2|ﬂ)(l—lﬂ) .

In order to separate the effects due to pumping regularization
from those stemming from pumping correlation we shall sely
p=0 (random pumpingfrom now on. However, our results
may be easily extended to a general pumping statistics.
Partial correlation is taken into account in a straightfor-
ward manner. The two limiting cases considered above m
be interpolated by averaging E@.1) over a probability dis-
tribution P(7) for the time intervalr between two consecu-
tive pumps, one in laser 1 and the other in laseP@r) will
be characterized by the widl and the average time delay
T9- These parameters, as well as the specific line shape f
P(7), may be arbitrarily chosen in order to fit future experi-
mental data. No correlation is obtained wher-»~ and
maximum correlation correspondsde—~0 whenP(7) tends

i IS the threshold pumping rate am(Q) is the Fourier
transform ofP(7).

Different operating conditions may be considered with the
atheory developed here, which is valid for any relative mag-
¥itude of the atomic and cavity decay rates. However, we
will show only the results corresponding to the so-called
good-cavity limit for whicha, b, c>1. Besides, it is ex-
pected that the best squeezing is obtainedofera [14]. In
Figs. 2 and 3 we plotted the intensity difference noise spec-
?fum normalized to shot noise for different valueseofind
7o- For total correlation ¢=0) about 85% noise reduction is
expected at zero frequency under the operation conditions
L considered. The width of the squeezed region is of the order
toad d's”"?““"f‘- of k. From Fig. 2 it can be seen that the correlation is washed

For two identical lasers we havé:)=(l2) andSy,(Q) ot whenkas 1. In this caseS. (Q)/Sqo tends to the indi-
=S¢, (Q2)=5¢(Q2). In this case the intensity difference noise vidual noise spectrum of the lasers and the squeezed region
spectrum normalized to the shot noise is given by of the spectrum becomes narrow. As an example, we have

taken an exponential distribution:

S_(Q) o _lez(Q) = rolla
Sehot S5 12 P<T>=%- (14)

=1+4

The expression foS4()) will not be presented here. We
refer the reader to Ref16]. From the linearized laser equa-
tions we obtain our main result:

20

a?bc?r(r—1)(b2+02) P(Q)+P(—Q)
)= = ;
S 8(a+b)D(Q1) 2

S(Q)/S,,,

(13

where we have used the normalized parameters

a= YG/KibE '}’g/K,CE ‘}/eg/K,ﬁEQ/K,rER/Rth

FIG. 3. S_(Q)/Sq, for different values of the time delay,.
and For all curvesa=0, a=10%, b=10% c=10, r=10, p=0.
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The average time delas, produces oscillations in the noise atomic twin lasers would employ two lasers optically
spectrum also reducing the squeezed region as shown in Figumped by twin beams generated either by an OPO or by
3. These results indicate that the conditions and k7,  two diode lasers as in Rgi4]. The main experimental diffi-
<1 must be satisfied in order to achieve optimum noise reeulty is related to the quantum efficiency of the pumping
duction. mechanism. Twin beams in a variety of wavelengths may be
In conclusion, we have studied, in the context of atomicobtained if satisfactory quantum efficiencies are attained. Re-
lasers, the intensity correlation between two lasers inducedently, special attention has been given to the development
by the pumping mechanism. The intensity difference noisef low noise Nd:YVQ, microchip laser§19,18. These la-
spectrum was calculated and subshot-noise behavior waers operate at 1064 nm and are optically pumped by diode
predicted even for Poissonian pumping. The same kind ofasers at 810 nm. An interesting possibility would be to
pump-induced correlation has already been demonstratggump two microchip lasers with two correlated diode lasers
with two semiconductor devicdg]. This kind of intensity = and check the correlation transfer. The theory developed here
correlation is analogous to the one observed in twin beamshows that this transfer is possible provided that enough
generated by OPOs, which has been recently used for higlifuantum efficiency is obtained in the pumping process. The
sensitivity spectroscopjl2]. pumping noise model used has been shown to be suitable for
A possible experimental approach for implementation ofNd:YVO, microchip laser$18].
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