VOLUME 60, NUMBER 18

PHYSICAL REVIEW LETTERS

2 MAY 1988

Two-Photon Correlated —Spontaneous-Emission Laser: Quantum Noise Quenching and Squeezing

Marlan O. Scully, @K, Wédkiewicz, ® and M. S. Zubairy(C)
Max-Planck-Institut fur Quantenoptik, D-8046 Garching bei Miinchen, West Germany

J. Bergou,(d) Ning Lu, and J. Meyer ter Vehn e

Center for Advanced Studies and Department of Physics and Astronomy, University of New Mexico,
Albuquerque, New Mexico 87131
(Received 7 December 1987)

Previous studies have shown that the possible utility of the two-photon laser as a squeezed-state gen-
erator is negated by spontaneous-emission fluctuations. We here show that a two-photon cor-

related-spontaneous-emission laser can produce

spontaneous-emission fluctuations.

PACS numbers: 42.55.Bi

The limiting sensitivity in modern optical inter-
ferometry is often determined by quantum noise. In the
case of passive interferometry this “photon shot noise”
has its origin in the vacuum fluctuations of the radiation
field. In the case of active interferometry the “phase
diffusion noise” is due to spontaneous-emission fluctua-
tions.

The application of “squeezed states” (error in one
quadrature below vacuum noise level) in passive inter-
ferometry has attracted substantial theoretical' and ex-
perimental® interest. It has also been shown both
theoretically? and experimentally* that in active devices
quenching of spontaneous-emission fluctuations can
occur in the correlated-emission laser (CEL) and a sub-
stantial noise reduced below the Schawlow-Townes limit
is possible. Clearly, in the sense of improving upon
quantum limits of sensitivity, squeezing® and CEL
operation are related but, until now, no such connection
has been demonstrated.

We here present the quantum theory of the two-
photon CEL and show, for the first time, that (1) it is
possible to develop a two-photon laser which shows CEL
quantum noise quenching; (2) this two-photon CEL can
also display squeezing; and (3) it is an active device.

The two-photon laser has long been suggested as a
squeezed-state generator,® but its utility has subsequent-
ly been negated by the observation that “any potential
squeezing is destroyed by fluctuations resulting from
spontaneous emission,”’ because of the phase insensitivi-
ty of these events. Nevertheless, the recent experimental
demonstration of stimulated-emission gain’ and then cw
operation in a two-photon maser® provide a stimulus for
the present studies.

In fact, as mentioned earlier, we have shown spontane-
ous-emission noise quenching via the CEL. The condi-
tions for noise quenching revealed the crucial role played
by the atomic coherence in the achievement of CEL
operation (active, phase-insensitive system).’ A simi-

light which is both squeezed and free from

lar conclusion has been reached about squeezing.
Spontaneous-emission fluctuations are squeezed in a sin-
gle three-level atom (passive, phase-sensitive system) if it
is prepared in a coherent superposition of its ground
state and topmost state.’

Motivated by the preceding arguments emphasizing
the importance of a phase-sensitive interaction and
correlation between spontaneous-emission events, we are
led to investigate the two-photon CEL. In this context
we note that in an interesting series of recent papers the
questions of amplitude squeezing'? and the utilization of
squeezed vacuum to quench spontaneous-emission phase
noise'! have been addressed. Our primary interest is in
phase noise and we find complete spontaneous-emission
noise quenching and squeezing in an active device which
generates squeezed light of macroscopic intensity from
ordinary vacuum.

We present the linear theory, sufficient for the discus-
sion of phase noise,'>!* of a two-photon laser*~!¢ with
three-level atoms in the ladder configuration as in Fig. 1.
The atoms are injected into the cavity with initial popu-
lations pa,, prs, and p. and initial coherences pap =piy
= pas | €™, poc =pl = | psc | ™™, and pac =p& = | pea|
xe'% where a, b, and ¢ refer to the top, middle, and
bottom levels, respectively. The explicit dependence of

i‘;i:ﬁ_{é’\i_l_:_,I = 1
[Cy —— _;LH —_— T %

preparation two-photon CEL

FIG. 1. Scheme of the two-photon correlated-emission laser.
State preparation (first cavity) is separated from the laser
operation (second cavity). Atoms in the first cavity are
prepared in a coherent superposition by, e.g., passing through a
foil or near a knife edge or optical pumping, and are injected
into the second cavity where laser operation takes place.
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the results on 84, O, and 6, renders the two-photon CEL laser a phase-sensitive device. By using standard technique
of the quantum theory of the laser,'? we obtain the master equation for the field density matrix p of the two-photon
CEL as

p={—is(ppaL1+pesL2)a,pl = (@/2)((paa L1+ pssL2)aa p—a'pa) + (pps L1+ pecL2) (pata —apa®)
+peaLoL1(paa —apa) +pea LoLr(paa —apa)l — (y/2)(pata —apa®) +H.cl —i(a —v)ata,pl, (1)

with £; =T/(T' —iA;), j=0,1,2, Ag=wa — 2V, A =wa — v, Ay =wp. — v, Where w;; is the transition frequency between
levels i and j, Q is the bare-cavity eigenfrequency, and v is the operating frequency of the laser. In this simple model,
s=r,g/T and the linear gain coefficient @ =2r,g%/T"? depend on the atomic decay rate I, the atom-field coupling con-
stant g (same for all levels), and the rate of atomic injection r,. The physical significance of the various terms in Eq.
(1) can be described as follows.!” The first term, containing ps, and p.s, has the form of an injected signal. The term
involving pg,.L1+ ppy-L2 corresponds to the usual gain and that proportional to ppp L1+ pccL2, to absorption. The term
containing the coherence p., will be seen to be responsible for CEL operation and squeezing. The term with y repre-
sents cavity losses. The last term accounts for frequency pulling.

We can now convert this master equation into a Fokker-Planck equation for the Glauber-Sudarshan P representation
of the density operator. Polar coordinates (a|&)=6|8), 6 =re™) yield the phase-diffusion coefficient as

D(¢) =(a/8r*) (paa L1+ pspLr+peaLoLre¥)+c.c.. )

If no atomic coherence is introduced into the system (p,, =0) then (2) reduces to the standard diffusion coefficient of
laser theory, and we see that the “ordinary” two-photon laser operation does not lead to quantum noise quenching. The
Fokker-Planck equation yields the equation of motion for the phase ¢ as

(¢)=(—=Qr) ""Im(B+apLoLr¥r ")+ a—v)=(d(p)), 3)
where

B =ar[(paa —Pbb)-Ll + (Pbb _pcc)-£2+Pca-£0(£l —Ll)eizﬂ +2is ew(PbaLI +Pcb=£2)y
and the phase drift has been defined as d(¢).

Now the total phase uncertainty in steady state is'® tuation noise; the second term is the additional spontane-
ous-emission noise. Under stable phase locking, the sign
((86)%) =((89) *)spont. +((69) *vacuum, @) of (D(g)) will decide whether the additional noise adds
where the first (spontaneous-emission noise) term is to or subtracts from the vacuum noise. From Eq. (2),
found from our Fokker-Planck equation and the second without atomic Coherence, (D (¢)> is alWayS greatcr than
(vacuum noise) term is given by (477) ~!, where 7 (=r?) zero and the added noise is always positive. Thus the
is the steady-state photon number. In order to connect Schawlow-Townes linewidth corresponds to the smallest
the phase-diffusion coefficient to noise in the phasc vari- attainable linewidth of an active device with incoherent
able of a laser, we obtain the equation of motion for atomic excitations. As shown below, under the appropri-
((8¢) ®spont. from the Fokker-Planck equation as ?g( §)CEI(~)) conditions we find (D(¢))=0 or even
. 0)) <0.
((89) Bspont. =2(d (9) 59+ 2D (9)). &) Next we find conditions under which the phase noise is
In steady state, as seen from Eq. (4), the phase locks to below the Schawlow-Townes limit and then below the
the mean value ¢ =g¢g for which d(¢o) =0. This value is vacuum level. From Eq. (2) we see that the injected
stable if dd(¢9)/8¢ <0. Expanding d(¢) around ¢ up atomic coherence modifies the spontaneous-emission
to first order in Eq. (5) and using Eq. (4), one obtains noise. The actual value of {(D(¢)) is controlled by the
the steady-state value of the phase variance to be magnitude |pg. | and phase 6, of the atomic coherence
= _ and detunings. We shall focus our attention on two-
((69)%) =(47) ~'+(D(9))|8d (90)/39| ~". (6) photon resonance, Ag=0. Let A=A;=—A; and L =T/
The first term on the right-hand side is the vacuum fluc- | (T —iA). The expression of D(¢) in terms of these vari-
ables, from Eq. (2), is
D(¢)=@4r) ~'a| L] *paa+pes+ | pac/ L | cosl8as —2¢+arctan(a/T) 1} @)

The injected atomic coherence does not affect linear mode pulling. From (3) we obtain phase locking satisfying
d(¢o) =0 which is stable if 8d(¢0)/3¢ <0. For (1) A=0, pps=0, pep =0 (05 =6 = 5 0,), the phase locks to
¢0=0qp — 7 7 and

D(¢o) =(4n) "'alpaa+pss — | pac|). (8)
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For (2) A=0, pps =psa =pc» =0, the phase locks to ¢o= 5 6, — (3 = T )wsgnA and

D(go) =(4n) "'a| L] *(paa— | pacA/T|). 9)
Hence the total phase noise in steady state [cf. Eq. (6)] becomes

((69)2=(41) "'+ D(o) 2a | L|?]| pacA| IT+ (s/JA) U pas | + | ppe 117, (10)

where we have neglected a term proportional to 7 ! in

the denominator. In the absence of driving terms (pp,
=p. =0) the second term in the denominator vanishes.
D(¢o) is given by (8) for case (1) and (9) for case (2).

Next we investigate several cases. First in (1)-(3)
below, we deal with the resonance condition A =0, then
in (4) below we shall investigate the case A=0.

(1) If | pac | =0, then D(g) =A/471, where A =a(paq
+ppp) is the rate of spontaneous emission and for
poh =pcc =0 it coincides with the linear gain
G =Re(dB/dr). In this case we have just the usual laser
linewidth. 12

(2) A particularly interesting case is paa +pps = |pac |
From Eq. (8) we now see that D(g¢o) =0. Thus, the con-
tribution of spontaneous emission is completely
suppressed, and from Eq. (10) the phase noise is entirely
due to vacuum fluctuations.

(3) If paa+pes — | pac| <0, then the added noise, as
seen from Eq. (10) with A=0, is negative and the total
noise is suppressed below the vacuum level. Because of
the presence of driving terms in (1) (terms proportional
to s), we are still dealing with an active device (7> 0)
even if the linear gain G =a(ps —pec) <0. (When
Pba =pcb =0 such driving terms vanish, as does the mean
photon number #.) For any given mean photon number
71 the total phase noise (10), as a function of initial atom-
ic variables, has a minimum. For (y/a)'2«1, this
minimum is of the order

((8¢) Dmin~ @77) ~'(y/a) 2 < (47) 7, (11)
when the photon number is of the order
i~Q2s/a)?=(r/g)> (12)

Here we used the definition of s and a as given after (1).
Thus a significant intensity, in the form of squeezed
light, can build up when atomic coherences pp, and p.
are present.

(4) The linear gain of the two-photon CEL under
phase-locking conditions can be identified from the
Fokker-Planck equation, corresponding to (1) in the P
representation, as

G=a|‘£|Z(Paa_Pcc)+2a|£|2|PaCA|/F’ (13)

in which a|.£|?(paapec) is the usual laser gain and
the rest is an extra two-photon CEL gain. When pg,
— |pacA/T| <0 and a| L] *(paa—pec)>7y or G>y,
one has both squeezing of phase fluctuations and laser
gain, i.e.,, a two-photon CEL which generates squeezed
light in the cavity. Note that only in the off-resonance
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case (A=0) can one have both gain and phase squeezing
simultaneously. The gain and squeezing are, however,
competing factors. Substitution of (9) into (10) with
Pbb =pba =pcb =0 gives

((60)2 =87) "'+ pgaTl'/ | pacar]). (14)

For a given A/T" phase noise decreases when p,; — p.. de-
creases. Squeezing of phase noise occurs when
paal | pac| < |A|/T.  For perfect coherence [|pgc|
=(paapec)?1 this means that if p, < pe it is still pos-
sible to have both squeezing and net gain (G > y) due to
the extra two-photon CEL gain. The minimum phase
noise is achieved in the limit [A|/r>1 (but
2a| L] ?|pacAl/T>7y). From (14) it asymptotically
tends to ((8¢)%) =+ (477) 7!, i.e., half the vacuum noise
level corresponding to 50% squeezing. This is our main
result.

In conclusion, we have shown that the cascade two-
photon laser with injected atomic coherence diplays CEL
quantum noise quenching and generates squeezed light
beginning from an initial vacuum state. The two-photon
CEL may exhibit net gain and phase squeezing simul-
taneously. The total phase noise in the positive net gain
region can be smaller than the vacuum noise level by at
most a factor of %, as given by Eq. (14). In the region
where G <0, but because of the driving terms pp, and
pev we are still dealing with an active device, the total
phase noise, as given by Eq. (11), can be smaller than
the vacuum noise level by a factor of order (y/a)'/2, and
when the cavity losses are negligible (y=0) one would
have perfect squeezing.
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