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Quantum theory of a laser with injected atomic coherence:
Quantum noise quenching via nonlinear processes
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A quantum theory of a two-level single-mode laser with injected atomic coherence is developed
by generalizing the Scully-Lamb laser theory to a form appropriate for the analysis of a coherently
pumped laser. We assume that the active atoms are prepared initially in a coherent superposition of
the upper and lower levels, and we derive the master equation for the field density operator by treat-
ing the interaction of the laser field with many active atoms simultaneously. It is shown that the
photon-number distribution can be exactly Poissonian. The laser operation is analyzed in terms of
the Fokker-Planck equation for the laser field. Both the intensity and phase diffusion coefficients
are phase sensitive and, for stable laser operation, become much smaller than those of an ordinary
laser. Consequently, the injected atomic coherence reduces both the photon-number noise and
phase noise simultaneously. The intensity diffusion coefficient can vanish exactly, and at the same
time the phase diffusion coefficient can become very small. This leads to spontaneous-emission
noise quenching in the photon-number distribution, and the laser field can become very close to a
coherent state. A scheme to generate the proper form of the initial atomic coherence necessary for
the quantum noise quenching is proposed and analyzed.

I. INTRODUCTION

The quantum theory of lasers was developed 20 years
ago and the underlying physics of laser operation has
been well understood since then. ' In an ordinary laser,
two-level active atoms are incoherently pumped to their
upper levels and subsequently return to their lower levels
through stimulated emission. Besides returning to its
lower level via stimulated emission, an active atom may
also return to the lower level via spontaneous emission.
While the stimulated emission of the atoms contributes to
the laser field in the laser cavity, the spontaneous emis-
sion of the atoms contributes to fluctuations in the pho-
ton number and phase of the laser field, which, in turn,
leads to the uncertainity in the photon-number distribu-
tion and the linewidth of the laser, respectively. It is of
great interest to reduce the intensity and phase noise aris-
ing from the spontaneous emission of the lasing atoms,
and to further understand the nature and origin of quan-
tum noise in the laser. The phase of a laser field is ran-
domly distributed over a 2~ range with equal probability
due to the lack of a preferred phase angle. By injecting
an external optical field into a laser cavity, one can in-
duce a preferred phase angle and even lock the laser
phase to a particular value. It has been shown that the
linewidth of a laser subject to such a symmetry-breaking
injected signal is reduced. As to the variance in photon
number of a laser field, ' it is always larger than that of a
coherent state with the same mean photon number.
When the laser is operated far above threshold, laser pho-
ton statistics approach a Poissonian distribution —the
photon-number distribution of coherent states, or say,
classical fields. Reducing the amplitude noise below that

of a coherent state has recently been discussed and
demonstrated experimentally in a pump-noise-suppressed
laser.

In this paper we discuss a novel method for the reduc-
tion of photon-number noise and phase noise in an ordi-
nary two-level laser. Instead of incoherently pumping ac-
tive atoms into their upper levels as in ordinary laser de-
vices, one could pump them coherently, i.e., prepare a
two-level lasing atom initially in a coherent superposition
of its upper and lower states when it is injected into a
laser cavity. We show that, with a proper relation among
the initial atomic coherences of randomly injected atoms,
it is possible to reduce the amplitude and phase diff'usion
coefficients of the laser field simultaneously. The laser
with injected atomic coherence can even generate a field
with exactly Poissonian photon statistics for a particular
initial atomic population and coherence. That is, in this
way, one can generate a field which is more classical than
that produced by an ordinary laser. The reduction of
phase noise in such a coherently pumped laser does not
appear in a linear theory of the coherently pumped two-
level laser. Thus phase noise reduction is achieved via
nonlinear processes in the laser. A physical explanation
is given in this paper as to the origin of the noise reduc-
tion. Briefly, since both the amplitude and phase fluctua-
tions of a laser are due to the spontaneous-emission
events of lasing atoms, the simultaneous intensity and
phase noise reduction in a laser with injected atomic
coherence are obviously related to the suppression of the
number of spontaneous emission events. To see phase
noise reduction, a nonlinear laser theory (at least third or-
der in the atom-field coupling constant g) must be
developed. Quantum noise reduction in lasers due to in-
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jected atomic coherence was first found in correlated-
emission lasers' ' "with injected atomic coherence, ' ' in
which atoms are prepared initially in a coherent superpo-
sition of the two upper levels of a V -type three-level sys-
tem, and the noise reduction in the relative phase angle of
two-mode laser fields appears even in a linear theory.

In order to achieve noise reduction in a coherently
pumped two-level laser, it is vital that a proper phase re-
lation is satisfied among all randomly injected lasing
atoms, as mentioned before. More accurately, the rela-
tion is such that the phase difference between two ran-
domly injected atoms equals the phase accumulation be-
tween the two injection times with rate v, where v is the
laser operation frequency. (In terms of absolute phases,
initial atomic phases of randomly injected atoms are
different. ) In other words, initial phases of the injected
atoms should be the same relative to the instantaneous
total laser phase (i.e., including the frequency part vt).
To account for the effects of the initial atomic coherence,
especially the phase difference of the injected atoms, the
interaction between the laser field and the active atoms
should be treated from an overall point of view when the
Scully-Lamb model' of the laser is used. This is accom-
plished by generalizing the usual treatment, provided by
the Scully-Lamb theory for an incoherently pumped
laser, to a form appropriate for studying the coherently
pumped laser.

In Sec. II, we present the general formalism for a two-
level laser with injected atomic coherence and derive a
master equation for the field density matrix. The photon
statistics of the laser is discussed in Sec. III. Because
atomic coherence is involved here the photon statistics
are no longer as simple as in an ordinary laser. An alter-
native is to use a Fokker-Planck equation. In Sec. IV, by
converting the master equation into a Fokker-Planck
equation, we obtain photon-number and phase diffusion
coefticients and study the steady-state laser operation.
We show that both the intensity and phase diffusion
coefticients are reduced in a steady state compared to
those in an ordinary laser. The preparation of a proper
initial coherence for the injected atoms is proposed and
analyzed in Sec. V. Finally, we comment on the relation
between the approach we develop here and the usual
method used in the Scully-Lamb theory, and give a physi-
cal explanation for the desired initial atomic phase as
well as for quantum noise reduction in Sec. VI.

atom is injected into the laser cavity at time t with initial
atomic coherence p~b(t )%0, where the superscript j
denotes the density matrix of the jth atom. Just as in the
usual Scully-Lamb theory of the laser, we assume that (i)
an atom "sees" the eff'ects of other atoms only through
the laser field, i.e., the evolution of an atom is indepen-
dent of those of other atoms, and (ii) the cavity decay
time y is much longer than the atomic lifetime. In-
stead of calculating the contribution to the laser field
from one atom first and then obtaining the contribution
from all injected atoms as in the usual treatment of the
Scully-Lamb theory, we treat the atom-field interaction in
a more rigorous way: the laser field interacts with many
active atoms in the cavity simultaneously. ' Notice that
this is different from the method commonly used in the
Scully-Lamb model, since the latter is only capable of
studying the incoherently pumped laser. Thus the ap-
proach developed here is more general.

The total Hamiltonian in the Schrodinger picture for
the laser field and the active atoms is

H =&Ho+&V

Qa a+gH" +A'+e(t t, )V—
J

with

(2.1)

A =a, b

(2.2)

is a step function used here to specify the initial time of
the interaction of the jth atom with the laser field.

The total density operator for all atoms and the field
obeys the equation of motion

V =go. +a+ga o. (2.3)

where 0 is the cavity-mode frequency, a (a ) is the field

annihilation (creation) operator, H" is the free Hamil-

tonian of the jth atom, V is the interaction Hamiltonian
of the jth atom with the laser field under the dipole and
rotating-wave approximations, g() 0) is the atom-field

coupling constant, cT~
= ~b~) (a'~ and o, = ~a') ( bi~ arej

the lowering and raising operators of the jth atom, re-

spectively, and

1, t~t
(2.4)

II. MODEL AND THE FIELD MASTER EQUATION p = i [Ho+ V,p]—. (2.5)

In this section, we first generalize the usual method of
the Scully-Lamb theory' to a form appropriate for deal-
ing with laser problems involving injected atomic coher-
ence, and then derive the master equation for the field-
density matrix elements of a two-level coherently pumped
laser.

We consider two-level active atoms consisting of an
upper state ~a ) with energy fico, and a lower state ~b )
with energy %cob. These active atoms are randomly in-
jected into the laser cavity at a rate r, to interact with the
laser field. We model the quantum theory of a laser with
injected atomic coherence in the following way: The jth

The reduced density operator for the jth atom and the
field is obtained from the total density operator p by trac-
ing over all atoms except the jth one,

f=T
A', A', . . . , A

(2.6)

Similarly, the reduced density operator for the jth atom
is obtained from p by tracing over the field and all atoms

The reduced density operator for the laser field is ob-
tained from p by tracing over all atoms,

(2.7)



QUANTUM THEORY OF A LASER WITH INJECTED ATOMIC. . . 239

but the jth one,

p =Trf Trgl g2 gJ —] g J+1 p=Trfp, . (2.8)

For convenience we go to an interaction picture via the
following unitary transformation:

p(t)=exp iva at+i+H; (t —t )p. (t)

Similarly, the relation between the reduced density opera-
tor for the jth atom in the interaction picture and that in
the Schrodinger picture is found by tracing over the field
and all atoms but the jth one on both sides of Eq. (2.9),

pJ(t}=exp[iH (t t —)]pJ(t)

Xexp iv—a at —i+H" (t —t )

J

(2.9)
Xexp[ —iH"(t —t )] . (2.19)

p= i(—Q —v)[a a,p] i [ V,—p], (2.10)

where V is the total interaction Hamiltonian in the in-
teraction picture,

where v is the actual laser frequency and here, as well as
throughout this paper, we use a tilde to denote a physical
quantity in the interaction picture. Using Eqs. (2.5) and
(2.9), one finds that the total density operator p in the in-
teraction picture satisfies the equation

The coincidence of the two operators occurs at time t,

(2.20)

'fracing over all atoms and using Eqs. (2.14) and (2.15),
one finds the equation of motion for the reduced field-

density matrix pI from Eq. (2.10) to be

p~= —i(II —v)[a a,pI]

V(t)=exp iva at+i+HJ". (t —t ) V
J

i+6(—t —t, )Tr„t[V, ,p, ]+Xp
J

(2.21)

Xexp i va at ——i+H" (t —t )

J

We have added the last term to describe the cavity loss
due to the interaction with a loss reservoir

(2.1 1) XpI= —,'y(2ap~a —a ap~ —p~a a), (2.22)

and V is that for the jth atom and the laser field,

i(At —cot ) y
—i(At —cot. )V=go ae '+gao. e

Here

(2.12}

where y is the cavity loss rate. In order to obtain an
equation of motion for p~ we use assumption (i) stated
previously, i.e., the evolution of an atom in the laser field
is independent of those of all other atoms. Consequently,
we have

6—
CO V —

CO& COb V (2.13) (2.23)

(2.14)

p =Tr
1 2 p= Tr„,p (2.15)

p =Trf Tr& ~ &2» ~ », p=TrfpJ . (2.16)

Tracing over all atomic variables on both sides of Eq.
(2.9), one finds the relation between the reduced field-
density operator in the interaction picture and that in the
Schrodinger picture

pf(t} eiva atpf(t)e —iva at (2.17)

In particular, the two field-density operators coincide
with each other at time t =0,

p (0)=p (0) . (2.18)

is the atom-field detuning.
As in the Schrodinger picture, the various reduced

density operators in the interaction picture can be ob-
tained by appropriately tracing over atomic and/or field
variables,

where

A=—a, b

(2.24)

is the decay operator for the jth atom when there is no
atomic collision.

Equations (2.21) and (2.23) are our two basic equations.
Note that they differ from the usual method used in the
Scully-Lamb theory in the form of V-. When one first
calculates the contribution of one atom injected at time t
and then sums over injection times t, , the exponential

+i (At —cut. ) +id(t —t. )factor e ' in V becomes e J . It turns out
+id(t —t. )

that the form of V with the factor e ' happens to
give the correct answer only when population pumping is
involved. In fact, no unitary transformation of the in-
teraction Hamiltonian V in the Schrodinger picture will

+id(t —t. )
lead to V with the factor e '. We shall return to
this point in Sec. VI.

Summation over the randomly injected atoms in Eq.
(2.21) can be replaced by integration over the injection

t
time t, i.e., g.~r, dt, where r, is the atomic in-

J
jection rate. Substituting Eqs. (2.12) and (2.22) into Eq.
(2.21) one arrives at the following equation for the field-

density matrix element p„
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p„=—i(A —v)(n —m)p„
i(d t —r»( )

—i(b, t —t~t. )—ir, dt26(t —t/)g &n + le ' pb„+&, +&n e ' p„,
—i(At —wt -) i (At —tot. )

Pan bm+&™ + le I
Pbn am —]™ I

(t

+y&( n+1)(m +1)p„+, +, ——,'y(n +m)p„ (2.25)

where, without ambiguity, the superscript f has been dropped from the field-density matrix elements. The density ma-
trix elements p„„„~( 2, A '=a, b) are to be found from Eq. (2.23). As in the usual laser theory, ' this can be accom-
plished by using assumption (ii) mentioned above, i.e., y && I, , I b, to approximate pf(t ) by pf(t). To facilitate the cal-
culation of p~n ~ ~, we introduce czn such that

(2.26)

The equations of motion for c2„„arereadily found from Eq. (2.23) as

c'
a, n —]

—r a

—i (ht —ut )—ig&n e ' c,'„
7

dt
—i (At —tet )

ig&n e —r b
C]

„

(2.27)

starting from t =t Since th-. e jth atom is injected at time t, the initial condition is p (t~ )=p (t )-p (t ), and the corre-
sponding solution for Eqs. (2.27) is (for simplicity, we take 1,= I b

—= I )

c„'„=,(t) =e
—(I —iA)(t —t )/2 —i vt.

I [cosy„—i(A /0„)si ny„]c ~„&(t)
—i(2g&n /O„)(siny„)c]„(t)e

I [cosy„+i(b/A„)siny„]cj„(t,) —i (2g &n /A„)(siny„)c,'„,(t) )e

(2.28a)

(2.28b)

where

y„=A(„(t—t, ), Q„=(4ng +b, )'

We assume that the initial conditions for the injected atoms are

(2.29)

p'(t) ) =
Paa

ivt
pb e

—i vt.
Pabe

Pbb
j=1,2, . . . (2.30)

where P„,Pbb, and P,b =Pb, are the same for all atoms. The coarse-grained time rate of change for the laser field is ob-
tained by substituting Eqs. (2.28), via Eq. (2.26), into Eq. (2.25) and using Eqs. (2.20), (2.29), and (2.30). The master
equation for the laser field is finally found after the integration to be

p„=(
—

—,'ap„p„[n+1+m +1+i(n —m)5+g (n —m) /I ]+apzbP „+( +, (n +1)(m +1)

+iSp,„p„,&m +1[1+g (m —n)/I (I —ib, )]

—iS*pb,p„+, &n + 1[l+g (n —m)/I (I +i 5)] ] /g„

+ [ pa„p„(V(nm —,'apzbp„[n +m +—i(m —n)5+g (n —m) /I ]

tSP,P„,&n [1+—g'(n —m)/r(r —iS)]

+iS*pb,p„(m [1+g (rn —n)/I (I +i 6)) I /g„

i(Q —v)—(n —m)p„+y' (n +1)(m+1)p„+, +, ——,y(n(+m)p„ (2.31)

with

2

=1+ (n +1+m +1)+ (I+5 )(n —m)
2(x 16' (2.32)
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where

2r g 8r g r g
, s=, s=azr .r+;iti, ' (2.33)

a and P are the linear-gain coefficient and saturation parameter, respectively. Equation (2.31) reduces to the familiar
field master equation' when P,b =Pb, =0.

III. PHOTON STATISTICS

The equation of motion for the diagonal element p„„ofthe field-density matrix is obtained from Eqs. (2.31) and (2.32)

by setting m =n,

p„„=—[1+(n + 1)pla] [a(n +1)(p„p„„pbbp—„+,„+,) — n + l(iSp,bp„„+,+c.c. )]

+(1+npla) [an(p.,p„,„,—p»p„„)—&n (iSp,bp„,„+c.c. )]+y(n+1)p„+,„+,—ynp„„. (3.1)

This becomes the usual probability flow equation' when

p, b =0. Notice that, besides the usual diagonal coupling
between pn„and pn+ I n+ &, we now have additional cou-
pling to off-diagonal density matrix elements p„„+&and

p„+&„.The flow of probability for finding n photons is
plotted in Fig. 1 for the case sin(P —8+arctan5)(0,
where the two phase angles P and 8 are defined by

trast to the usual laser case. A general discussion of the
laser photon statistics as well as other laser operation
problems can be carried out via the Fokker-Planck equa-
tion approach. This is the subject of Sec. IV. Neverthe-
less, we point out here a special case for which the pho-
ton statistics can be solved exactly. In the steady state
when

and

pab I pub I
e r (3.2a) p~a pbb I Ipob I V p pbba

(3.4)

ip
Pn, n —1 ~Pn, n —] I

~ (3.2b)
(() = ((Io=0—arctan5 —

—,
' tr,

we find that
In this case, atomic coherence increases the mean photon
number (n ) =no. For the opposite case, i.e. , sin((() —8
+arctant)) ) 0, atomic coherence decreases the mean
photon number.

In the steady state the photon-number distribution
does not vary with time, i.e., p„„=0,and the phase ((I is
locked to a particular value ttio because p„„,does not
vanish in the steady state. It is easy to see from Eq. (3.1)
that this is satisfied when

(I+npla) '[an(p„p„,„,—pbbp„„)

n

n0 np
Pnn =e

n —1/2 '~0
np0

Pn, n —] Pn —],n v'n!( n —1)!

where

u a —ynp-
y p

(3.5a)

(3.5b)

(3.6)

&n ( iSp—,bp„,„+c.c. ) ]=y n p„„,(3.3)

which is just detailed balancing of the photon-number
flux. Due to the coupling to off-diagonal density matrix
elements pn, n=p„*„„however,there exists no re-
currence relation between pnn and pn, „,here, in con-

is the mean photon number in this case, which happens
to be the same as the average photon number in an ordi-
nary laser with p„=1 and pbb =0 [see Eq. (4.10)]. We see

that the photon-number distribution is exactly Poissonian
and the off-diagonal elements p„, , are the same as

those in the coherent state I canoe ').

P n'I, n+ I

Pn, n

P n-!, n-t

Y"Pn n

+~"+l~~PaaP P»P
I+ (n+I) P/a

~Paa Pn-l. n-l Pbb Pnn

I+ n P/a

z rnnr lsp. ,p„„„l
sin (8 -$ arct an 8)

I+ (n+I) P/a

& ~nl s p.,p„-,.„lsin(8-g-arctan 8)
I+ n P/a

FICr. 1. Flow of probability for finding n photons in a coherently pumped laser for the case sin((b —8+arctan5) (0.
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IV. FOKKER-PLANCK EQUATION

In this section, we transform the field master equation
(2.31) into a Fokker-Planck equation by expanding the
field-density operator p in terms of the diagonal P repre-
sentation. For the field-density matrix elements the ex-
pansions are'

p„=f d 6" I'(6)
&n!m! (4.1)

Assuming that the mean photon number is large, we
neglect 1 compared to I@ and obtain the following
equation of motion for P(6 ):

aI (e), . a . . a „a'—
—,'a(p„—pbb ) (1 i5—) 6"+(1+i5) 6" +up„-asar*

SP(p—„—+pbb )(1+5 ) ae a@"

2

ac+ r(r —i~) ae a@*
+ r(r —i~) ae M ( 6 ) +c.c.a

with

+~ @+ @* P(6')+i(Q v) —g — g* P(g),ae a@* aA
(4.2)

1+~I@I2—~ a @+ a @* +~ '+5
2a BD 16o;

a
@

a
aA

2 —1

P(6) . (4.3)

Equation (4.2) contains derivatives of all orders' in 8 and 8* due to the presence of the inverse operator in M(g). Fx-
panding Eq. (4.2) up to a second order in the derivatives and again neglecting 1 compared to IDI, we arrive at a
Fokker-Planck equation. Its explicit expression is given in the Appendix.

This Fokker-Planck equation can be expressed in terms of intensity and phase variables, I and P, through the rela-
tion 8 =VI e '~ (again dropping 1 compared with I)

aI (I,y) a a a' a' a'
d~ — d~+ D~~+ D~b+2 Di~ I'(I P),at aI a aI2 ai))~ aI a

where

(4.4)

dr =I ~(p.. Pbb)
—2I~P.bI&I .

1+IP/a 1+IP/a (4.Sa)

~(p Pbb )5

2( 1+I@/a )

l&P.b I f3Icos(P —8+arctan5)+ (1+5 )'~ cos(P —8)&I (1+IP/a) (4.5b)

' 1/2aI + gI+2I
I

PI
II

( 1+I~j )p
Paa Pbb Pab sin(P —8+arctan5) (4.5c)

Paa+ (Paa+Pbb)+ I p.b I
(1+5')a 1+5 PI z PI

4I(1+I /a " 2 a CX

i 1/2

sin(P —8) (4.5d)

1/2
a PI PI

4( 1+IP/a )
Ip, b I

2cos(p —8+arctan5)+(1+5 )'~ —1 cos(p —8)2 in PI

(4.5e)

Here d~ and d& are the intensity and phase drift
coefficients, respectively, Dz~ and D&& are the intensity
and phase diffusion coefficients, respectively, whereas Dz&
is a cross diffusion coefficient. The laser system con-
sidered in this paper can be studied in terms of these drift
and diffusion coefficients. In contrast to the usual laser

(4.6)

case, all of these coefficients are functions of I and P. For
example, when ~ti

=8—arctan5 —
,
' ~ and

I p,—b
I

1/2
(PaaPbb )

r 1/2 2
aPaaI Pbb i'Da= 1—

(1+I/3 ja)~
I

p„a
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which vanishes at I=(p„/pbb)(a/p). The phase
diffusion coefficient D&& can also become smaller than
that in an ordinary laser but always remains positive. The
actual values of the diffusion coefficients in the steady
state are determined by the steady-state values of I and P.
In the P representation, the photon-number variance is

r(r+~pbb )~o
Dll(no) =

~(P Pbb )

~(P..+Pbb )+r
D~~(np)=

8no

Dr~=0 .
(4.12}

(4.7a)

and, in the presence of phase locking, the phase variance
1s

& (&y)'& = &:(&y)'.&+ =
& (5y)' &+

4&@) 4&r) '

(4.7b)

where & =a a is the photon-number operator, ::denotes
the normal ordering of the operators, 5I=I —&I ), and
5P=P —

& P). From Eq. (4.4) one finds the equations of
motion for the intensity and phase to be

Laser frequency pulling is apparent in Eq. (4.11), D&&(no )

in Eqs. (4.12) gives half the natural linewidth of the
laser ' and Dll(no) is related to the steady-state photon-
number variance. The normally ordered photon-number
variance &:(6&):) =

& (5I ) ) in the steady state can be
obtained from Eq. (4.9a) by setting d/dt=0 and expand-

g dr and DIr around I no up to first order in 6I. Sub-
stituting the resulting expression for &(5I) ) into Eq.
(4.7a) and using Eqs. (4.10) and (4.12), we find that the to-
tal steady-state photon-number variance for 6=0 is'

„&I&=&d,&,

„&P)=&dq),

(4.8a)

(4.8b)
&paa

~(P.. Pbb) —r— (4.13)

and the equations of motion for the normally ordered
photon-number variance and phase variance to be

& (5I ) ) =2 & d 5I ) +2 & D ),
dt

& (5P) ) =2& d~5$)+2&D~~ ) .
dt

(4.9a)

(4.9b)

A. Incoherently pumped laser, p, &
=0

In order to compare with an ordinary two-level laser to
see the effect of injected atomic coherence on laser opera-
tion, we first review the results for a laser with p, b =0. In
this case, none of the drift and diffusion coefficients de-
pends on P [see Eqs. (4.5)], and population inversionp„)pbb is necessary for achieving laser operation. We
first obtain the mean photon number' no from
ch(no ) 0

a ~ Paa Pbb
(4.10)

y 13

Using Eq. (4.10) we then find the laser frequency v in a
steady-state operation from d&(no) =0 to be

I 0+-,'y~
V—

r+-,'r (4.11)

and the steady-state diffusion coefficients from Eqs.
(4.5c)—(4.5e) for 6=0 to be

Assuming that the steady-state quasiprobability distribu-
tion P (I,P) is sharply peaked at the mean photon num-
ber &I) =np and, if it exists, the locked phase value

&P) =go, then no and Po satisfy the deterministic equa-
tions dI(no, po)=0 and d&(no, po)=0, as indicated by
Eqs. (4.8). In the following we study the casesp, b

=0 and

P,b %0 separately.

which is larger than that of a Poisson distribution with
the same mean photon number no.

B. Coherently pumped laser, p, b %0
For simplicity, we consider the resonant case A=co in

this section. From symmetry consideration we have
v=Q here as in the case of P,b

=0 [see Eq. (4.11)]. Con-

sequently, Eq. (4.5b) reduces to

I~P.b I

d = — — cos(P —8) .
&r

(4.14)

go=6}——,'m . (4.15)

[Note that dd&(po)/dr =0.] Knowing po, the mean pho-

ton number no in the steady state can be found from

dI ( tl p Pp ) =0, i.e.,

(noP/a) ~ +[1—(p„—pbb )a/r](noP/a)'
—2lp. b la/r =0 . (4.16)

This is a third-order algebraic equation for (noP/a)'
There exists a standard formula for its general solutions.
It is easy to show that (i) Eq. (4.16) gives only one positive
solution for (noP/a)', and (ii) this no satisfies Bdl(no,
Po)/dr &0 and, consequently, is always a stable solution.
With the same parameters a, p, y, p„,and Pbb satisfying
a(P„—pbb)) y, np found here is larger than no in Eq.
(4.10). We note that, for the laser to remain an active de-
vice, population inversion p„)pbb is not necessary when

lp, b l+0. ' Namely, we can have "lasing without popula-
tion inversion" in the coherently pumped laser. The

Because of the injected atomic coherence, the laser phase

P is locked to a particular value Po in the steady state.

Using Eq. (4.14) we find the stable solution from

d&(go}=0 [cf. Eq. (4.8b)] and Bd&(go)/r}/&0 to be
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reason is that, even though the laser gain is negative
when p„(p&t„ the injected atomic coherence p, & acts
here as a driving force for the laser intensity, as can be
seen from Eq. (4.5a) by noting that the drift coefficient for
the laser amplitude r =i/I is related to the intensity drift
coefficient through the relation d„=(2r) ' dr when
r » 1. Using Eq. (4.15), the steady-state diffusion
coefficients become [see Eqs. (4.5c)—(4.5e)]

an&

(1+noP/a )

x[p-+pbb{no/3/a) 2lp.bl(no/3/a)'"]

Bdr{no, (to) Bd~(no, go)

BP BI
=0. (4.21)

this noise reduction by noting that the rate of spontane-
ous emission is only ap„=0.02a ( «a). We note that
the reduction of the phase diffusion coefficient due to in-
jected atomic coherence, discussed here, greatly exceeds
that achieved by injecting a squeezed vacuum into a laser
cavity, ' in which case D&& can be reduced at most by a
factor of 2.

In the following we discuss the steady-state variances
in photon number and phase. From Eq. (4.5a) (with
b, =0), (4.14), and (4.15), we find

D a(no yo)=
4no{1+no/3/a)

(4.17a) Expanding dr, Drr, d&, and D&& in Eqs. (4.9) around the
stable operation point I = no, P =go up to first order in 6I
and 5$ and using Eq. (4.7) and (4.21), we obtain the
steady-state variances

Dry(ko) =0,

X [p„+—,'(no/3/a) —lp, b l(no@/a)' ],
(4.17b)

(4.17c)

((ae)') =n, +
r3dr no~lo)/dI

&(~q)'&= ' +
I r)d g(n o, Po)/r)Q l

(4.22a)

(4.22b)

paa 1 pbb 1
l pab l

"(/ paa pbb
r (4.18)

where p„+pbb=1 has been used in Eq. (4. 17b). We see
that the initial atomic coherence p, & decreases both
Drr(no, Po) and D&&(no, Po). This implies that there is

quantum noise reduction for both the intensity and phase
in the laser with injected atomic coherence. It should be
noted that D&&(no, Po) as given by Eq. (4. 17b) is smaller
than that in an incoherently pumped laser (lp, b l

=0), Eq.
(4.12), with the same parameters a, P, y, p„,and p». In
particular, when

((~e)'& =n, ,

((~y)') =
8no

(4.23a)

(4.23b)

When the initial atomic condition is that given by Eq.
(4.18), we find

r)dr(no Po)/aI =ad, (n„y,)/ar/i= —
y

from Eqs. (4.5a), (4.14), (4.15), and (4.19). Consequently,
we obtain from Eqs. (4.20) and (4.22)

&(&fi')'&&(&y)'&= —,'[1+( /y)] . (4.23c)

and accordingly [satisfying dr(no, go)=0 and being
stable],

ano=— a —y (4.19)

we find

Drr(no Po) 0 D&&(no Po)
a
8no

(4.20)

Notice that conditions (4.15) and (4.18) are the same as
those in Eq. (3.4), since b, =0 here. Equations (4.18) and
(4.19) give an example for our previous statement that,
for the laser to remain an active device, population inver-
sion p„&p&t, is not necessary when p, & %0, since p„(p&t,
in Eq. {4.18) and no &0 in Eq. (4.19) if y &a &2y. Com-
paring Eqs. (4.20) with Eqs. (4.12), one sees that we have
both complete spontaneous-emission noise quenching in
the laser intensity and large phase noise reduction. The
phase diffusion coefficient D&& decreases from the typical
value (a+y)/8no to (a —y)/8no here. For a near-
threshold case a=1.02y, we have the reduction of phase
diffusion coefficient by a factor of 100 compared to an in-
coherently pump laser. Physically one may understand

Equation (4.23a) also means that the normalized second-
order correlation function g' '(0)=(:&:)/(n ) =1 and
agrees with Eq. (3.5a). When a & y, Eq. (4.23b) becomes
((b,P) ) &(4no) ', which means that the laser phase
noise is very close to that in a coherent state, and Eq.
(4.22c) becomes ((b,& ) )((AP) ) & —', which means that
the laser field approaches the quantum limit for the
minimum uncertainty product. Overall, the laser field

ipoapproaches a coherent state l canoe ") or, say, a classi-
cal field when a ~ y.

V. PREPARATION OF INITIAL ATOMIC COHERENCE

In Secs. III and IV, we have seen the importance of the
proper initial atomic coherence in the realization of
quantum noise quenching in the two-level laser with in-
jected atomic coherence. In this section we discuss the
preparation of such initial atomic coherence. This dis-
cussion in this section is quite general and is not limited
to the two-level laser studied here. In fact, a proper ini-—i 2vt.
tial atomic coherence, i.e., p„(t) cce ' is also vital in
the two-photon correlated-spontaneous-emission laser'
in which cascade three-level atoms are initially prepared
in a coherent superposition of the top and bottom levels.



QUANTUM THEORY OF A LASER WITH INJECTED ATOMIC. . . 245

A proper form of the initial atomic coherence, i.e.,—ivt-
p, b(t ) ~ e ' is also needed (i) in a micromaser in order
to obtain symmetry breaking via off-diagonal atomic in-
jection' and (ii) in a (V-type three-level) correlated-
spontaneous-emission laser with injected atomic coher-

12, 13

To be specific, we will discuss the preparation problem
in the context of a two-level laser with injected atomic
coherence. For simplicity, we assume that the jth atom
is first pumped to level a (or level b), and then travels
through a preparation field between time t —T—~ and
t~

—T (see Fig. 2). The preparation field couples two
atomic states with frequency v, which is close to
co=co, —cub. Finally, the jth atom enters the laser cavity
at time t . The interaction Hamiltonian between the
preparation field and the jth atom in the Schrodinger pic-
ture can be put in the form

pJ=

J
Paa

Pbb
J

pJ e tvt

pJ e Ivt

(5.2)

where pJ & are the density matrix elements of the jth atom
in the Schrodinger picture, then pJ satisfies the equation

d pJ=I.pJ, j=1,2, . . .
dt

(5.3)

where y is the corresponding Rabi frequency and, for
simplicity, we treat the preparation field classically. If we
define a density-matrix-element column vector for the jth
atom as

U'= ——'R(ye '"'o +y*e'"cr )2 J J (5.1) where the matrix L is defined by

—r a

0

2lg

2lg

0
—r b

—&X2

2&7

2lg

2lg
—I,b i ( co —v)—

0

] ~—lg2

0
—I,b+i (n) v)—

(5.4)

with I,b= —,'(I, +I b). The solution of Eq. (5.3) is (as-
suming y =const)

0
p~( t —T)= e 'p~( t —T—r) =e-i i 0 (5.5)

0
i v(t —T)

which shows that p (Jtb,
—T)e ' =(e—')3, is indepen-

dent of t and j. At the injection time t,
p',„(t, ) =p', b ( t —T)e

—i(cu —v) T—i vt.=(e—')3,e
(5.6)

which is just the desired form of the initial atomic coher-
ence.

U,T

FIG. 2. A scheme to generate the proper form of the initial
atomic coherence. Coherent superposition between levels a and
b is produced by coherent excitation via a preparation field of—ivy .

frequency v, leading to p', b(t, ) =p,be

VI. DISCUSSION

We address here the relation between the approach,
developed in this paper, to treat lasers with injected
atomic coherence and the usual approach used in the
Scully-Lamb laser theory. During the last 20 years, only
incoherent pumping was studied in laser physics, for
which the Scully-Lamb laser theory is widely used. The
method used to calculate the coarse-grained time rate of
the change of laser field proceeds in two steps: (i) The
contribution to laser field due to one atom (say, the jth
atom) injected at random time t is first calculated. Usu-
ally this calculation is performed in an interaction pic-
ture. (ii) By summing over all injected atoms one obtains
the total contribution. In step (i), when transforming
from the Schrodinger picture to an injection picture, the
atomic and field operators are transformed in the fol-

iar(t —t. )
—i v(t —t. )

lowing way: o. ~o e ', a~ac ', and
iv(t —t. }at~ate ' . In step (ii), an integration over t is per-

formed. We point out here that the above transformation
can be justified only for the system of a laser field in-
teracting with one atom, but not for a system of a laser
field interacting with many atoms injected at different
times, which is just the case in actual laser systems. The
field operator a in the interaction picture should take a
form which does not change with t, e.g. , a~ac
a ~a e ' '; otherwise, in the process of atom-field in-
teraction the relation between p and its counterpart in
the interaction picture is not fixed. On the other hand,
we note that the usual approach of the Scully-Lamb laser
theory still gives the correct answer for an incoherently
pumped laser, although an extra, incorrect, random
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i vt.
phase factor e ' is then associated with e ' '. The
reason for this fact is that when there are only population
terms in the initial atomic density matrix, the equation
of motion for the reduced field-density operator p con-
tains only even-order terms in the coupling constant g,
and a and a are paired in each of these terms, i.e., each
of these terms contains equal numbers of a and a . Con-

ivt
sequently, the extra factor e ' associated with ae ' ' is—i vt.
just canceled by the extra factor e ' associated with
a e' ' and the results happen to be correct. As a compar-
ison, when there is initial atomic coherence, p contains
terms proportional to p', b(t ). The field operators a and
a are no longer paired in such terms. Consequently, the
extra phase factor will not cancel and the resulting ex-
pression is not correct. Based on the above discussion we
conclude that our approach developed here will give the
same results as the Scully-Lamb theory if there is only in-
coherent pumping.

The quantum noise quieting and even quenching
discovered in this work rely heavily on the proper form
of the initial coherence given in Eq. (2.30). Compared to
a laser with injected signal ' of frequency v, the depen-
dence of the initial atomic coherence on the injection—ivt
time t, pJI, (t ) ~ e ' is similar to the time dependence
of the injected signal e ' '. Also similar to the laser with
injected signal, the injected atomic coherence here serves
as a symmetry-breaking mechanism and acts as a driving
force for the steady-state intensity. On the other hand,
due to the nonlinearity of lasing atoms, the injected atom-
ic coherence reduces both the laser intensity and phase
diffusion coeScients in the steady state, which is absent
in the laser with injected signal. In the following, we first
examine what would happen if the initial atomic coher-
ence takes other forms and then give an intuitive physical
explanation for the initial atomic coherence given in Eq.
(2.30).

Suppose that the initial atomic conditions are

i (40—vt) i (vt —gojv"=g+noe o."+gv n„e ' a (6.3)

which is the semiclassical version of Eq. (2.3) and g+no
is half the Rabi frequency. The jth atom interacting with
the laser field in the cavity obeys the optical Bloch equa-
tions

d BJ=Q, XBJ—I-BJ,
dt

where

(6.4)

2g Q n Ocos(ho

Q~= —2gV nosingo (6.5a)

is the driving (laser) field vector and

J e tvt+ J e ivt

U' = i(p', be"' pb, e '—") (6.5b)

wJ
Paa Pbb

J —J

jected atomic coherence is washed out in this case, as can
be seen from Eq. (2.31). When coo is close but not equal to
v, the phase angle O in Eqs. (4 5) is replaced by
O+(v cu—o)t, as implied by (6.2), and no stable phase
locking is possible. Moreover, the diffusion coeKcients
Dlz and D&& change periodically with time. Consequent-
ly, there is no stable quantum noise reduction when
~0+v.

A simple physical explanation to the required initial
atomic coherence listed in Eq. (2.30) may be given in
terms of the vector model of the optical Bloch equations,
in which the laser field is treated classically. Considering
steady-state laser operation in which the phase
P (a ~D) =@8),c~ =&Ie'~) is locked to P=Po, we may
write the interaction Hamiltonian AV"' of the jth atom
with the laser field in the Schrodinger picture as

p'(t, )=
Paa

I coot .

Pba e

0 jt CrP

Pabe

Pbb
j=1,2, . . . (6.1)

is the Bloch vector for the jth atom. Substituting Eq.
(2.30) into Eq. (6.5b) and using Eq. (3.2a), one obtains

2~p., ~cosO

i (v —co )t0
Pab Pba Pab e

I ~ I + i ( v —coo) in terms containing P,b,
I ~1 —i(v coo) in t—erms containing pb, ,

(6.2)

1"agS~
I +i (co coo)—

When ~o=0, which means that all atoms have the same
initial coherence, one sees that S~O, since co &&I . Thus
any possible quantum noise reduction caused by the in-

where p„,p», and p, b =Pb, are the same for all atoms
and coo can be zero or any other real value. Substituting
Eqs. (2.28), via Eq. (2.26), into Eq. (2.25) and using Eqs.
(2.20), (2.29), and (6.1), one obtains a master equation for
the laser field which is similar to Eq. (2.31) but with the
following changes in the p, b and pb, terms (including
their denominators g„andg„&,):

B~( t, ) = —2
~ p, b ~

sinO

Paa Pbb

(6.6)

which is independent of j (see Fig. 3). In other words, all
injected atoms with the initial condition (2.30) have the
same initial atomic condition (or, say, orientation relative
to Q~ ) in the Bloch vector space. Thus all BJ(t) have the
same trajectories in the Bloch vector space and all atoms
give the same contribution to the laser field. If, instead,
the initial conditions (6.1) (with cooWv) are satisfied, then
different atoms have different initial orientations and con-
sequently different trajectories in the Bloch vector space.
The effects of the initial atomic coherence on the laser
operation (e.g. , phase locking and noise reduction), com-
ing from each individual atom, tend to cancel in this case.

Besides accounting for the correct form of the initial
atomic coherence shown in Eq. (2.30), the Bloch equa-
tions also provide an intuitive picture of the evolution of
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FIG. 3. Initial Bloch vector B'(t,-) for the jth atom and
steady-state driving field vector Qz for the laser field at stable-
locked phase /=8 —' ~ for b =0 in the Rloch vector space.

the atomic density matrix elements [see Eq. (6.4)] and of
the relation between the atomic phase 0 and the locked
phase Po given in Eq. (4.14). We note that, owing to
atomic decay, a physical process happening earlier has a
larger probability than that happening later and thus
dominates. When the laser field is resonant with the
atomic transition 6=0, the driving vector Qz is in the uv

plane (see Fig. 3) and is perpendicular to the Bloch vector
B~(tj ) when go=0+,'~, since

IIB B'(r, )=4gVrtolp. blcos(y, —0) .

Consider go=0 —
—,
'm. first (see Fig. 3), which is just Eq.

(5.15). The driving vector Qa makes the Bloch vector B'
(j = 1,2, . . . ) rotate downward to u = v =0, w &0 (i.e., to
p~„=O). Stimulated emission takes place for the active
atoms and the laser intensity is increased, which corre-
sponds to a stable phase locking. For the other value
go=0+ ,'rr, however, —the Bloch vectors B~ (j =1,2, . . . )

are first rotated upward to u = v =0, w )0 (i.e., pub =0).
Thus stimulated absorption occurs and the laser intensity
decreases, which corresponds to an unstable phase lock-
ing. For other Po values, u =v=0 cannot be reached.
Consequently, they are unpreferred phase angles for the
laser field. Our discussion here explains why the laser
phase is locked to Po, as given in Eq. (4.15) for 5 =0.

As opposed to ordinary lasers, lasing without inversion
can be realized in lasers with injected atomic coherence.
This can be physically understood from the Bloch equa-
tions. For simplicity, we look at the stable phase-locking
case go=0 —

—,'~ for 6=0 (see Fig. 4). Regardless of the
sign of p, —

pbb, the Bloch vectors B are rotated toward
u =v =0, w (0 first to emit photons and thus the laser
intensity is increased by atoms. In addition, it is ap-
parent in the 6=0 case from the Bloch equations that
when /=0+,'~ (e.g., in an amplifier) atomic coherence
decreases the photon numbers [see Eq. (4.5a)], and when

/ =0, 0+ sr, the atomic coherence does not affect the laser
intensity (as well as DII and D&& ).

It seems that quantum noise reduction in both DII and

D&& may also be intuitively understood from the Bloch
equations. For simplicity, we still consider the resonant

FIG. 4. The plane containing the w axis and 8'(t, ) in the
Bloch vector space for 6=0. The plane is perpendicular to the
driving field vector Qs, since go=0 —

—,'vr. The symbol X
denotes that the driving vector Qz points into the paper.

case, b, =O. Equations (4.5) and (4.17) show that DJI and

D are reduced when /=0 '~. Fro—m—previous discus-
2

sions we already know that stimulated emission takes a
smaller fraction of a Rabi oscillation circle (compared to
half of the Rabi oscillation circle in the usual p~„=1
case). Since spontaneous emission is closely related to
stimulated emission, the chance for spontaneous emission
is reduced so that both the photon-number and phase
diffusion coeScients Dlz and D&& are reduced. On the
other hand, both DIJ and D&& with /=0+,'~ are larger
than thos«or Ip.b I

=0, since stimulated emission takes a
larger fraction of the Rabi oscillation circle in this case
(compared to the usual p,',= I case ) so that the rate of
spontaneous-emission events is increased.

Before summarizing our results in this work, we point
out that in the derivation of our master equation for the
reduced field-density operator, Eq. (2.31), we introduced
the coarse-grained time-rate approximation —the laser
field does not change appreciably on a time scale of atom-
ic lifetime in the good cavity limit y && I, i.e., p
( t ) =p~( t ). If, instead of the density matrix approach
presented here, we perform a Langevin-equation linear
theory analysis (up to g terms, valid for a «y), then
(i) we find an extra term proportional to p, b~ in the
steady-state amplitude diffusion coefticient, which
reduces the Auctuations in the amplitude quadrature of
the laser field, and (ii) the amplitude and phase drift
coeScients and the steady-state phase diffusion coefticient
remain the same as in this paper. In a more elaborate
nonlinear theory analysis, ' which goes to all orders in
the atom-field coupling constant g, our main discoveries
(simultaneous noise reductions in the photon number and
the laser phase, and the laser field can become very close
to a coherent state) of the present paper are confirmed.
In particular, when a ~y, corrections to the photon-
number and phase variances given in Eqs. (4.23) are very
small.

In summary, by generalizing the Scully-Lamb laser
theory to a form appropriate for studying laser problems
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involving injected atomic coherence, we developed a
quantum theory of the two-level single-mode coherently
pumped laser. The generalization is made by treating the
interaction of the laser field with many injected atoms
simultaneously. We derived the master equation for the
reduced field-density operator and study the laser photon
statistics. We found that the photon-number distribution
is exactly Poissonian for a particular initial atomic condi-
tion. We converted the field master equation into a
Fokker-Planck equation and obtained drift and diffusion
coefficients. Steady-state laser operation is discussed and
it is shown that the laser phase symmetry is broken when
there is injected atomic coherence, similar to the case of
injecting an external field. The laser phase is actually
locked to a particular value depending on the phase of
the initial atomic coherence. The diff'usion coefficients of
both the laser intensity and phase are phase sensitive. In
the steady state, they take the values at the locked phase
angle and it turns out that both diffusion coefficients are
reduced compared to the case of no initial atomic coher-
ence. Namely, the injected atomic coherence reduces
both photon-number noise and phase noise. The
photon-number diffusion coefficient can vanish exactly
for a special choice of the initial atomic variables and the
resonant laser transition, in which case the photon statis-
tics is Poissonian. When the photon-number diffusion co
efficient vanishes, the phase diffusion coefficient becomes
(a —y)/8no, where a, y, and no are the linear gain
coefficient, cavity loss rate, and mean photon number, re-

spectively. Compared to the usual phase diffusion con-
stant (a+y)/8no of an ordinary laser, this represents a
very remarkable phase noise reduction. To achieve this
noise reduction, it is vital that the initial phases of all in-—iit
jected atoms satisfy a proper relation p~b(t ) cc e ' (v is
the laser frequency and t is the injection time of the jth
atom). The photon-number and phase variances are also
discussed and it is found that the coherence of the laser
field can approach that of a coherent state when the
photon-number distribution is Poissonian. In this case,
the laser system becomes a quantum-noise-limited active
device. A practical scheme to generate the proper form
of initial atomic coherence necessary for this quantum
noise quenching is proposed and analyzed. Its feasibility
is demonstrated here. Finally, a comment on the relation
between the approach developed here and the usual
method used in the Scully-Lamb laser theory is made and
it is shown that when coherent pumping in the laser is in-
volved the present approach is necessary in order to ob-
tain the correct results.
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APPENDIX: THE FOKKER-PI.ANCK EQUATION IN TERMS OF 8 and 4'*

The Fokker-Planck equation in terms of complex variables E" and F~* is obtained from Eq. (5.2) by first expanding
M ( 6 ) [see Eq. (5.3)] up to first order in the derivatives, yielding

(~) p(~) + p ~ g+ a ~„
1+I@I P/a 2a(1+ I6'I P/a) ~@ BD*

P(6)
1+I@I'P/a ' (Al)

and then neglecting 1 compared to
I
8 I, leading to

BP(B)
at

(3 a2
dt- — dqg+2 Dq, +Dqt;+ . D, ~ , P(A') . .

a@* '* aran* '*' ae' ' a@*' (A2)

Here

1+
I
el'p/a

— +2 —n — S- 1+ g' ' +S*-

(A3a)

(A3b)

4ap„+P(p„+pbb)(1+5)IWI'
D~~ 8(1+

I
8 I'p/a)

p(p.. pbb ) I
&I'—

4(1+
I
a

I

'p/a)'

Pab g
' P/2a

2(1+ @I P/a) 1(I iA) 1+ It I'P/a—+c.c. (A3c)



QUANTUM THEORY OF A LASER WITH INJECTED ATOMIC. . . 249

Zg'~ @~' p/2a
I (I —b, ) 1+ ((, ~'p/

p(p„p—bb)(i6 —1)6' p(p„+pbb)(1+5 )(

4(1+ ~@ P/a) 8(1+~@ P/a)
1Sp bA+

1+
~

e~'P/a
iS*pb, g 8 P/a

1(I —i~) I-(r+ia)(i+~8~ p/a)' ' (A3d)

(A3e)
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