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We present here a fully quantum-mechanical treatment of the laser using a three-level atom mod-
el. The phase-space method employed is identical to that in a previous publication of ours [Phys.
Rev. A 38, 4073 (1988)] and again results in a Fokker-Planck description of the laser without any
approximations. The third level only provides extra deterministic terms and, if it is regarded as a
further reservoir to the lasing levels, then the resultant stochastic equations have much improved
stability. These equations are suitable for extensive theoretical analysis of both the laser and optical
bistability, although in this paper we have concentrated on the adiabatically eliminated limit and
calculated the leading noise terms in various regimes. However, we do use the technique of direct
numerical simulation to solve exactly the full system of laser equations. The results display clearly

many of the known laser characteristics.

I. INTRODUCTION

In a previous paper,! we introduced a phase-space
method for the laser involving two-level atoms, resulting
in a Fokker-Planck equation which described the system
without a truncation of higher-order derivatives. Howev-
er, a consequence of this method was a stochastic equa-
tion for an extra variable, the moments of which were
equal to those of the total number of atoms, but with an
additional source of noise variation. This noise had no
immediate physical interpretation and prevented the use
of standard techniques for the solution of the system.

The purpose of this present work, then, is to investi-
gate a more realistic Fokker-Planck equation for the
laser, which while maintaining the desirable properties of
our previous equation, now contains further deterministic
terms to stabilize the extra stochastic equation. This is
achieved by considering another model for the laser con-
sisting of an ensemble of three-level atoms which interact
via the upper two levels with a single mode inside a cavi-
ty. Using the same approach and method generalized
from the two-level model, a characteristic function equa-
tion and then Fokker-Planck equation may be derived for
the system. Under the reasonable assumption, first intro-
duced by Gordon,? that the ground level may be treated
as an extra reservoir to the lasing levels, we obtain stable
stochastic equations which describe the operation of the
laser and optical bistability, under completely general
conditions.

The course of this paper is as follows. Sect. II intro-
duces the Hamiltonian model and master equation for the
three-level system, which is familiar from other research.’
We now define extra raising and lowering operators to
describe the extra possible transitions to and from the
third level. The procedure is equivalent to that for the
two-level model, except that the matrices defined are
3X 3 matrices and a new algebra has to be defined. The
master equation is then written in terms of these operator
matrices.

In Sec. III we introduce the three-level characteristic
function, in a similar fashion to that developed in Ref. 1.
The atomic part is again written as a linear combination
of the atomic operators, but we now require five variables
to obtain a closed set with the new master equation. Us-
ing the new operator algebra we derive a differential
equation for the characteristic equation.

Using techniques based on the positive P representa-
tion of Drummond and Gardiner* in Sec. IV, we next
convert the characteristic function equation into a
Fokker-Planck equation involving classical variables in
phase space. This Fokker-Planck equation has positive
semidefinite diffusion and is obtained without the trunca-
tion of higher-order derivatives required in traditional
phase-space methods. A set of seven corresponding sto-
chastic differential equations may then be inferred. The
equation for the number of atoms in the lasing levels has
now been stabilized, but at the expense of an unexplained
variation in a variable with moments equal to those of the
total number of three-level atoms.

In Sec. V we consider the various models for laser
operation allowed by a three-level atomic system. The
first of these results in essentially a correction to the two-
level equations, but in addition we consider models in
which the extra level transitions are fundamental in pro-
ducing the population inversions. Following Gordon, we
then assume that there is effectively an infinite number of
atoms in the ground level, which acts as an additional
reservoir to the few atoms in the lasing levels. This al-
lows us to consider again a six-equation system for the
laser and optical bistability, but now with considerably
improved stability properties.

We next introduce (Sec. VI) scaled variables, essentially
equivalent to those considered by Carmichael, Satchell,
and Sarkar,’ in order to more clearly reveal the physics in
the equations. The scaled equations demonstrate that it
is the size of the saturation photon number n, which
determines the size of the stochastic noise and hence
whether the semiclassical predictions are likely to be
correct.
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In Sec. VII, for the adiabatic elimination limit, a
simplified set of equations may be found for the cavity
variables. The Fokker-Planck equation is complicated,
but for large and small intensities the dominant noise
terms may be determined. For the laser configuration,
these are equivalent to those derived using the two-level
system, but a new Fokker-Planck equation which may
have an application in Jaynes-Cumming problems is also
presented.

Finally, in Secs. VIII and IX, we use the powerful tech-
nique of numerical simulations and apply it to our full
system of six equations in a laser configuration. The nu-
merical scheme employed is the deterministically stable
mixed implicit-explicit method of McNeil and Craig.
This work represents the first serious attempt to simulate
laser operation using the full set of phase-space equa-
tions. The results clearly display many of the known
laser characteristics such as threshold, critical slowing
down, and coherent light production above threshold.
Although some numerical spiking is present at threshold,
it does not appear to have the pathological consequences
discovered in our recent work on numerical simulations.’

II. THREE-LEVEL ATOM LASER MODEL
AND MASTER EQUATION

The model we shall consider is of an ensemble of Nt
atoms coupled to a single mode inside a cavity. However,
the atoms now have three levels 0,1,2 and are described
by the operators ao,ag,al,a;',az,a; which obey the stan-
dard anticommutation relations

N
a;a, +aja,-T=8-

iy a;a;ta;a;=0.

(2.1)

As is shown in Fig. 1, level O is taken as the ground level
and defined to correspond to zero energy. The upper two
levels are the lasing levels and are split by frequency w
about the excitation energy E. The cavity mode is de-
scribed by the operators a and a’, with the frequency
tuned to the resonance frequency w, the atomic energy
level difference.

In addition, the three-level atomic system is damped by
a reservoir which can be used to provide the energy for
level transitions. The cavity mode is also damped by a
finite-temperature reservoir to represent losses through
the cavity mirrors.

In the rotating-wave and electric dipole approxima-
tions, the Hamiltonian for this system is

3
H= 2 H;,
i=0
NT
Hy=%wa'a +#w > %([alaz]#—[aafal]ﬂ)
u=1
NT
+#E 3, ([aja,],+[ala;],) 2.2)
u=1

NT
H,=igh Y (a*[aIaZ]#—a[aiallu »
u=1

with H, and H; representing Hamiltonian terms describ-
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FIG. 1. Diagram of the three-level atom laser model.

ing the atomic and cavity damping. We now follow the
standard techniques® to write the corresponding master
equation. In the interaction picture, using a reference
frame which eliminates the free-energy Hamiltonian
terms in H ), this is

p_ 1. | o
o atHePIT S, a |, (2.3)
9 =Kn(Zana—aan—panr)
at |,
+x(n +1)2apa’—a'a —paTa)

p p
—Km(Zana‘L—aTan—pa*aT)
—km*(2apa —aap—paa) , (2.4)
N

3 T 2 2
L1 =3 3 3 t0,0laq]lplala)),
A pu=1:1=0,;=0
_[ai'raj]y[aia;]yp
—p[a,*aj]ﬂ[a,-af]#). (2.5)

The terms in (2.4) involving the parameters m and m*
are unconventional, and are included to allow the possi-
bility of a squeezed bath. However, in all numerical work
m and m * will be set equal to zero.

The parameter k gives the rate of energy loss of the
cavity mode, principally through the mirrors. The atom-
ic damping rates define two mechanisms; the first o,
where i, gives the rate of transition from level i to lev-
el j by either pumping or emission (see Fig. 2) and the
second w,, allows for reservoir-induced random phase
shifts and collisional broadening.

For the two-level atom system it has proved convenient
to use the analogy with a spin-1 particle in a magnetic
field. This involves the identification of the Fermi opera-
tors with the Pauli matrices as

+
® b

f —
[a;az-i-alal]“—l ,

- - t =
[a'}‘aZ]p—ayr [0201]‘4_0
o . (2.6)
T[azaZ—aiGI]#:Uu,z’

where
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The standard technique is to substitute the Pauli matrices
into the two-level master equation and use their known
algebra. The extension to three levels is similar and re-
quires the definition of two new sets of raising and lower-
ing operators
i —t T - + — 4+
laaol,=x,, la1a0],=x,, [a;a0],=9¢, ,
¥ _ (2.7)
[aZGO]p:qS,u .
It is then possible to define three-dimensional matrices,

corresponding to the two-dimensional Pauli matrices,
which include terms for all three levels

000 000
0,=10 00|, 0,=100 1],

010 000

0 0 0 000
0,.=310 =1 0|, x,=1{1 00/,

0 0 1 000

(2.8)

010 000
X, =10 00|, ¢;=1000],

000 100

001
. =10 00

000

For completeness, we also require the two diagonal ma-

trices
]
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FIG. 2. Diagram showing the master equation level transi-
tions.

1 00
=10 0 0}, I (2.9)

00O

1 2 _
1, B

o O O
oS = O
- O O

The following algebra may then be derived: (i)

ol ot g2+ 72— — gl
Xu 1#~X# ”IuX#’ Xu I =X, _I#Xp ’

Xp Oz = "X G#yz)(::"‘%)(:’ Xu O =8
TuXy =8

(i1)
Sl =¢,=1,6,, 6, 1,=¢,=1,4, ,
G0, =30, 0,0, =181, b0, =X, >
0, b =X4 >

(111)
X Xt =1 =0, 00 XX =310z s
¢:¢u~=%1i+gu,2’ X by =05 by Xy =0

+
m

All other matrix products are zero. So substituting these
operators into (2.3), the terms in the master equation are
now written as

NT
H,=igh 3 (a'o, —ao)), (2.10)
u=1
d ALy
—a% ) = 21 [$0n(20,p0,) =00, p—poo ) tie,20,po, —0, 0, p—po, o)
=
1010 2X, PXo =X X P—PXs Xy ) F 2001 2X,0 pX o0 — X X P—PX Xyt )
+ 02020, pby — 6,6, p—pd b, )T 10028, pd, — by b p—pdi b)) .11)
r
In writing (2.11) we have assumed only terms represent- x=Tr(Op) , (3.1
ing level transitions are to be included in the atomic o ANF Ay A
damping, that is, all terms proportional to w;; in (2.5) are where 0 =0 70" or 0=Q"#0 ™,
£ero: OF=exp(iB*a")expliBa), (3.2)
III. THE CHARACTERISTIC FUNCTION
AND EQUATION N
v
Following the procedure in Ref. 1, we introduce the 04= I1 04", (3.3)
characteristic function y as p=1
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Nr ‘ given by
Q*r=0"TIO0*". (3.4)
i=1
e A 1o } ,
The kernel O #* is defined to be a linear combination of ot ot

the operators representing the atoms, as in the two-level

situation. However, to include the effect of the third level
and obtain a closed set of variables, we now define

O *#=p I, +bI}+c-o,.

The differential equation for the characteristic function is

(3.5)

level algebra and gives terms like
J

Tr( Oa)w)(;p)(: )=w oIt
=woTr
=w, It
=woIr

=w b,

NT
21 Q *¥(b I}, +bIL+c0,)X, pX,
s

NT
S QUMb X I X, ThX g IoX, TeXi 0, X, te X o 0, e X o X, P
pu=1

NT
S Qb (ML —0o,,)p
p=1
NT
19 9
A,u 1290 9 Ap
ElQ 129 ac
138 _ 9
296 o |X

Combining all the various contributions to (3.6) we finally obtain

%Xt-: —iﬂg—ﬂ——w* ai?3+ +2niBt iB+(iBYm + (it Pm* | = Uop+ay) |c a3+ + '%HCS"’—
+%(w12—w21)c%+§(w10+w20) (bl—b)é%—c%—c+af+ — “af —%(a)o,—cooz)cail
—(@n=am) (b1 =b)3- = egn | ~(onTonb b5~
+gl—cﬁfﬁ+2c'aca;ﬂ+iﬂ (b—%c)gca—_—irc* %a“ab“*:—c —c&—%ﬁnc*&%l?

+ig*t (b~%c)aca+ rem 1o+ ]x.
IV.

TRANSFORMATION TO THE FOKKER-PLANCK EQUATION

To be consistent with Ref. 1 we first make the change of variables

b—1+b’, b;—>1+b] .
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(3.6)

This equation will contain all the terms from the two-
level model, but in addition there will be contributions re-
lated to the ground level. The method is identical to that
of the two-level atom model, however now using the third

(3.7

(3.9)

4.1)

We then use a generalized P distribution to convert the characteristic function equation into an equation involving clas-

sical variables in phase space.

This is achieved by the particular choice of a positive-P function as

X(y)zf fdxexp[i(B’L,B,c*',%c,c_,b’,b'1 )-x]P(x) ,

(4.2)

where x=(a*,a,v",D,v,B,B )T and y=(B87,8,c *,c,c ,b",b")7. As explicitly indicated, variables are not complex
conjugates of the corresponding variables with the superscript +, but instead define the P function in an extended 14-
dimensional phase-space. As was shown in Ref. 4 this positive P function explicitly has positive semidefinite diffusion.

Now under the assumption that the surface terms vanish as the phase-space integration sphere tends towards infinity,
the following Fokker-Planck equation is derived:
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%P(x)= lK 22t 62+ a++8a?:a+ 2n+%m+a%25m* + Ny toy) %wav%v*ﬂ%z)
(@5, w21>—é§§3+2(wm+mm) —a%v+-€~+—v++a%1)+ %—% B +(m01—w02)%3,
+ @10~ wy) 5%:‘% _”a%B + (g T wg,) a—gl”_% 1
+g 2%(011/*’—i—oz“Lv)——a—otD~as+ a+D—%v— 82+ v+ av?;cﬁ av?'zaa (B +D)
565_5% a%” aj+ v P 4.3)

The first thing to notice is that the second-order noise terms are independent of the terms involving transitions to and
from the ground level. This means that by introducing a ground level in addition to the lasing levels, we are not further
complicating the quantum noise, but just affecting the deterministic properties of the laser. The corresponding stochas-

tic differential equations are
a=—kat+gv+Tl,,
at=—ka"+gv'+T 4+,

v=—[Hop+to,)+Ho,ptoy)lvtgaD+T,,

v =—[Hoptoy) +Hegtoy v +ga"D+T .,

D= — [t o+ Mot wy) 1D + (g —w B —2g(atvtav)+w,—w,+Hop—wy)]B+T) ,

B=—1w, g+ wy)B + Hwp—0,)D +(wy +wy)B, +Tp ,

Bl =%(w10+a)zo)B — @)= wy)D —(wy +wy)B, ,

where (F,-(t)Fj(t’)) =d;;6(t —1t'), and the diffusion matrix d is

2km 2kn 0 1g(B +D)
2kn 2km* 1g(B+D) 0
0 1g(B+D) 0 0
d=|1g(B+D) 0 0 0
—gv —gv* 0 0
gv gvt 0 0
0 0 0 0

In our previous paper,' the variable B which had all mo-
ments equal to the moments of the number of lasing
atoms (fixed), was unstable because of the effect of the
quantum noise. However, in (4.4), this variable now has
stabilizing deterministic terms. These terms are all pro-
portional to transition rates to and from the ground level,
indicating that the ground level is fundamental to the sta-
bility of the laser operation for this model. Of course,
there is a price in that the number of lasing atoms is no
longer a constant but fluctuates around some average
number of atoms. Nevertheless, in many respects this is
a more realistic description of the number of lasing atoms
in a true laser.

If we now define the variable B, =B + B, then it will
have the stochastic equation

(4.4)
—gv gv O
—gvt gvT 0
0 0 0
0 0 0 4.5)
0 0 0
0 0 0
0 0 0
f
B,=B+B,=Ty . (4.6)

The moments of B, will all be equal to those of Ny —the
total number of atoms in the three-level model—which is
fixed. However, the equation for B, has been made un-
stable by a noise term proportional to the coupling con-
stant g, which has no apparent physical interpretation.
This can only be eliminated by adding a fourth level, in
which case B, is stabilized at the expense of an instability
in B3, the variable with moments equaling that of the to-
tal number of four-level atoms. By adding further levels
this instability may be shifted further from the lasing lev-
els, but the instability cannot be eliminated. It seems
most likely that this instability is simply an artifact of the
way our formalism treats interactions between atoms and
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light fields. In the next section we introduce an assump-
tion on the character of the ground level which allows us
to remove this instability and obtain useful results.

V. MODELS FOR THE LASER

A. Laser model 1

In the traditional two-level laser model we require
(from Fig. 2)

w12=2‘y, a)u:() . (51)

(Strictly speaking, w,; cannot be zero—rather, we con-
sider the case when it is small compared to other terms.)
Thus the bath pumps so that only transitions from level 1
to level 2 are allowed. Incorporating the third level, we
stabilize the B equation by allowing transitions connect-

ing the ground level and both the upper lasing levels, i.e.,
Wy=a=w) Op=Xad=wy . (5.2)

The parameter X relates the upward transition rates to
those of the downward transitions. At this stage we have
assumed equal transition rates between each of the upper
levels and the ground level, as this is all that is required
for stability reasons. The stochastic differential equations
(4.4) then become

a=—ka+gv+Tl,,
v=—(y+a)vtgaD+T,,
D=—Q2y+a)D+2yB —2g(a*v+av)+Tp ,
B=—aB+2XaB,+Ty ,

(5.3)

B,=aB —2XaB, .

Here and in what follows, we will not explicitly write out
the equations for ™ and v —they may be simply found
by treating them as pseudo-complex-conjugate equations
to those for @ and v. Now to remove the instability we
employ the same approximation as Gordon? by consider-
ing nearly all the atoms to be in the ground state and that
N7, the total number of atoms, is very large. Thus the
ground level acts as extra bath to the lasing levels and
since in the initial condition B, ~Ny and B, /B, is very
small, we can drop the equation for B, and treat B, as
the constant Ny. This, of course, requires X to be very
small. So defining N =2XB,=2XN; to be the average
number of atoms in the lasing levels, we obtain

a=—kat+gv+I,,
(5.4)
v=—(y+alv+gaD+T,,

D=—(2y+a)D +2yB—2g(atv+av')+T, ,
B=—a(B—N)+Tj .

In the limit of @ —0 these equations are identical to those
obtained using our two-level laser model. Performing a
semiclassical analysis

2735

v=g(_x._12,D= sz — . (59
4 1+-4 4 2g7aa”

2y y(y+a)

B =N,

The introduction of a affects and reduces the steady-state
inversion, so we therefore require a to be small. The total
model we wish to consider, then, is where the inversion is
determined by the discrepancy between w;, and w,; and
the connection with the ground level acts as a slow mech-
anism to ensure that the total number of lasing atoms
fluctuates around the average N.

B. Laser model 2

The ground level allows greater freedom in the method
of pumping the upper lasing level. Perhaps a more physi-
cal method of creating an inversion is to follow the model

described by Loudon’® and set
(5.6)

op=Xa, 0,=0, w,y=a=w,, 0,=Y=0,,

where a pumping mechanism is used to excite ground-
level atoms into the upper lasing level, but not into the
lower lasing level. The stochastic differential equations
are then

a=—katgv+I,,

v=—(y+a)v+gaD+T, ,

D=—Qy+a)D +XaB,—2gla*v+avT)+Tp, (5.7
B=—aB+XaB,+T; ,

B,=aB—XaB, .

We again consider the ground level to be a reservoir con-
taining an effectively infinite number of atoms and thus
drop the B, equation, setting B; =Ny . If we now define
N =XN as the average number of lasing atoms, we ob-
tain the system

a=—ka+gv+Tl,,
v=—(y+a)lv+gaD+T, ,

. (5.8)
D=—Q2y+a)D +aN —2g(a"v+av)+Tp ,
B=—a(B—N)+Tjp .
A semiclassical analysis gives
B=N, v=£92 p- N 59
14 1+ 2 4 4gTaa
a aly+a)

We therefore require the ratio ¥ /a to be small in order to
maintain a significant population inversion. The parame-
ter a can now be set to be quite large, so that the variable
B representing the number of lasing atoms is stabilized
more quickly about the average number of lasing atoms.
Furthermore, the stability properties of the equation for
the inversion D are now improved as the inversion driv-
ing term from model 1 of 2y B, which fluctuated around
N, is now replaced with a term simply proportional to N.
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C. Laser model 3

The final model that we will consider is one where the
inversion is created by both of the mechanisms in models
1 and 2, i.e.,

0;,=2y, wp=Xa, 0y=0=w,, wp=wy=a.

(5.10)

Following the same procedure as above, we drop the B,
equation and define N =XN, to give the system

a=—kat+gv+T,,

v=—(y+avt+gaD+T, ,
. (5.11)
D=—Q2y+a)D+aN+2yB—2gla*v+av")+T,,

B=—a(B—N)+Ty .

The semiclassical inversion is then

N
4glaa™
(2y +a)y +a)

This model now allows ¥ and a to become arbitrarily
large without reducing the steady-state inversion. A
large value of a could then improve the stability, but
there will still be fluctuations due to the inversion driving
term 2y B, a term which is not present in model 2.

D= (5.12)

D. Optical bistability model

To analyze optical bistability for a three-level system
we include the standard cavity driving term in the Hamil-
tonian model

H,=i#ilaTee @' —ge*eiv’) . (5.13)
This then changes the stochastic equation for the cavity
variable to

a=e—katgv+T,. (5.14)

We now require there to be a negative inversion to get bi-
stability, that is, we organize the atomic transitions so
that the majority of the non-ground-level atoms are in the
lower lasing level. The most general way to write down
the transitions is then

O~ 0 =2XgY, 0 to,=2y,
(5.15)
wgy— g =XoXa, wytowp=Xa, wpy=a=w,.

The choice X;=1 corresponds to a laser configuration,
J

2nm 29n 0 L(B+D)
2nn 2qm*  WB+D) 0
) 0 YB+D) 0 0
d=3
SN |uB+D) 0 0 0
—v -v 7 0 0
v v 0 0
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whereas X,= —1 is suitable for either analyzing optical
bistability or the Jaynes-Cumming model. After assum-
ing the ground level acts as an extra bath we obtain the
system

a=e—katgv+rI,,

v=—(y+a)lvt+gaD+T,,
_ (5.16)
D=—Q2y+a)D+XyaN+2yB)—2g(a*v+avT)+T,

B=—a(B—N)+Tj .

VI. SCALING THE LASER EQUATIONS

We would expect the macroscopic atomic variables to
be proportional to the number of lasing atoms N and to
explicitly show this we make the scaling

v,v",D,B—vN,v *N,DN,BN . (6.1)

In addition, it is reasonable to expect the coupling con-
stant g to scale with the number of lasing atoms as (this is
the standard assumption made by Haken')

g——»g’N'l/z . (6.2)

Now selecting model 2 from Sec. V as the most physically
reasonable three-level atom laser or optical bistability
model, then we scale the cavity variables as

~Ar172 =+ ar1/2

a N+ E N 6.3)
s s

where s =g /a, is the ratio of the scaled coupling con-
stant to the pumping rate. Finally, we also scale the time
in terms of the atomic pumping rate, to give the scaled

time unit
T:at . (6.4)

The scaling transformations (6.1)-(6.4) may then be per-
formed either from the Fokker-Planck equation or the
stochastic equations and results in the scaled system

a=nZ—-a+Cv)+T,,

v=—(1+y'w+aD+T_,

. ~ (6.5)
D=—(1+2y")D+X,—2a v+av")+T, ,
B=—(B—1)+T,,

where the diffusion matrix satisfying FX(T)Fy(T’ ))
=dxy5(r—'r') is given by

% k%
R
0 0
0 o |’ (6.6)
0 0
0 0
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n=k/a gives the ratio of cavity damping to atomic
pumping, ¥' =y /a gives the ratio of lasing level transi-
tions to atomic pumping, C =gs /k=s2/7 is the coopera-
tivity parameter, and n, =1(a /g)*=N /4s? is the satura-
tion photon number.

In this scaling, since d,-j «1/ng, it clearly shows that
the semiclassical predictions will be valid in situations
with large saturation photon numbers, because of either a
large number of atoms (the traditional laser scaling), or a
small value of the parameter s.

Finally, in optical bistability situations, the nonzero
scaled cavity driving field is given by

€S
NI/ZK

where € is as defined in (5.13). If C is finite, small s im-
plies a good cavity, since this necessarily implies that 7,
the ratio of cavity damping to atomic pumping, is small.

zZ= , (6.7)

VII. SOLUTION BY ADIABATIC ELIMINATION
OF THE ATOMS

We now consider an approximate solution of the sys-
tem of equations (6.5) which is valid in the adiabatic elim-
ination limit 7 <<1, that is, where the ratio of the cavity
damping to the atomic pumping rate is small. This is the
usual regime for laser operation and following the stan-
dard analysis we assume that in the time scale of interest

=0, D=0, B=0. (7.1)

The atomic variables then assume the stationary values

B=1+T,, (7.2)

D=x,N— lin,(a+rv+ar?+)+nrb , (7.3)
14

= 2 Xl r, |_2aa" alil, 22’ .

I+y 14y 1+y I+y" (+y)?’

(7.4)

J
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where
n= 14~~+
aa
+2y
! 4 1+
The cavity field equations are then
= |z—a+ EF | p
a=nm o 1y .
(7.5)
> + * + C& +X0n |
a’= —a ' —— |+F_, ,
arEm|Zt e Ty { a
with the stochastic terms
s? 2aa 11
F =T _+- r_[1— +a <
% a1y 5|1 o alll 5
2a’Mr .
14y |
4 (7.6)
2 U
s 2aa 11
F .= 1-==—= |+anr,
a at 1+7/l Fi'+ 1+‘}/’ a HFD
2a THIT,
T

We now work out the leading noise terms for the a,a *
cavity system. This requires the first order approxima-
tion for the atomic variables from Egs. (7.2)—(7.4)

(7.7)

which is justified for large saturation photon numbers
where the diffusion terms are small. Hence we calculate

(F,F, )=(D,T, )+~ (0. 4T r) 1= 288 L b yvanm(r Ty | .
ala+ at gt 1+7, a vt attv 1+'}/' a at b a atth . (1.8)
Now using the diffusion coefficients in (6.6) and replacing the atomic variables using (7.7), we finally obtain
2 2 ga * 2X,aa "1
2aa " 11 0
(FF_. )= lagn+—> 1+ X,I) |1— ~ .
A v R L prw ( olD) 1+7' 117 (7.9)
[
In a similar fashion the other noise terms can be evalu- (Fa*Fa* )
ated as
(F.F.) =52 D — 28 oy P M1 4 X D]
a’'a N T T e °
=2 |, m—i[ZX 2+ 211( 1+ X, I1)] (7.11)
N T Gt o

(7.10)

These expressions are completely general, requiring only
that 7 and 1/n; be small and hence lead to a Fokker-
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Planck description of the cavity field for the laser and op-
tical bistability without any elimination of higher-order
derivative terms. The Fokker-Planck equation obtained,
is, of course, difficult to solve exactly, although a linear-
ized solution may be found using standard techniques'!
for optical bistability. However, by considering more
carefully the expressions (7.9)—(7.11) for large and small
intensity situations, we are able to isolate the dominant
noise terms and thus simplify the corresponding Fokker-
Planck equation.

A. Small intensity solution (with y'=0)

Where the cavity intensity is small we may expand II
as

N=1—4aa *+32a%a*?— - , (7.12)
to obtain
(F,F_+)
=SW(2nn+s ((1+Xy) —aa T[6X,+2(1+X)]]) ,
(7.13)
_52 2
(F&Fa)—WIan —sfa?[2X,+2(1+X)]) . (7.14)

For a laser configuration we set X,=1 and to zeroth or-
der in the intensity the leading noise terms are
_s? 2 _S 2

(FF, ) =" (2mn +2s%), (F Fy)="72mm . (1.15)
These terms are exactly equivalent to those obtained for
the two-level laser model in our previous paper. With the
choice m,m*=0 the simplified Fokker-Planck equation
(FPE) obtained from (7.15) has a potential solution
describing the usual laser operation.'?

If we now set X,= —1, then the spontaneous-emission
term which dominated in (7.15) vanishes and to first or-
der in intensity we obtain

2
(FoF, )= (2mn+6aa *s?) ,
5 (7.16)
(FﬁFa)=SW(2nm +2a%s?) .
We now have a simplified FPE describing optical bistabil-
ity, without the third-order terms present in Ref. 1. In
general, this Fokker-Planck equation has no potential
solution, but in the particular case Z =0 (i.e., zero driv-
ing field) where we consider Jaynes-Cummings-type prob-
lems, a potential solution is found and stationary photon
statistics may be derived.

B. Large intensity solution (with y'=0)

In situations where the intensity is large, we may make
the alternate expansion
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1

(7.17)

daa 4aa

The leading noise terms in both the laser and optical bi-
stability configurations to zeroth order in the inverse in-
tensity are now found to be

(FoF ) ="CQun+1s?)

(7.18)

2

(F,F, >— 2gm —Ls?—
a

These are exactly equivalent to our previous high-
intensity solutions, the only difference being that the pa-
rameter s is now related to the pumping from the ground
level to the upper lasing level, rather than the pumping

rate from the lower to upper lasing level, as was the case
in Ref. 1.

VIII. SIMULATION OF THE LASER EQUATIONS

If we set X,=1 and Z =0 in the system of equations
(6.5) and (6.6), then we are in the standard laser
configuration which may be solved exactly using numeri-
cal simulation techniques. The first step is to write the
noise terms I'_ in (6.5) as a linear combination of in-
dependent white noises, with coefficients satisfying the
correlation requirements of the diffusion matrix (6.6). As
explained in Ref. 1, for a zero temperature reservoir (i.e.,
where n,m,m *=0) this requires 12 noise terms

s = = .
F&:W(B +D)(§,+ig,)

——ZN—i;vt<§5+i§6>—<§9+i§m>1 :

—_ s ("'
at AN1/2

S - .
- 2N1/2 V+[(§7+l§8)—

D)(&3+i,)

(€ +ikp)], B
. _ s .

F{, N1/2 §3 l§4)’ FV+—W(§1—I§2)

= NI/Z[(§5 i)+ (8;—i&)],

r;= N‘f,z[(§9—i§lo>

+(E—ig)] .

We now write the system of stochastic equations in the
general form
dx= A(x

)dt +B(x)-dW(t) , (8.2)

where dW,=§,dt, A(x) is the vector of deterministic
parts from (6.5), and B(x) is the noise matrix defined by
(8.1).

The system (8.2) is integrated using the mixed
implicit-explicit method of McNeil and Craig,® which re-
sults in the difference equations
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Axn=xn+l__xn

=(1—6,J " At)[ A(x")Ar+B(x")-AW"] , (8.3)
where
JA
n=|l—= (8.4)
l 4 Jx x=x"

is the Jacobian matrix of A evaluated at each mesh
point. For each time step t", AW”" is evaluated as
Z(n)(At)'/?, where Z(n) is a vector of random numbers
from the distribution N(0,1). The choice 6,= 1 is called
“time centered” and has the best properties in terms of
local accuracy and stability (see Refs. 6 and 7).

The simulations are then conducted by integrating in-
dividual trajectories from the same initial condition x(0),
over a specified time interval O to ¢_,,, using the numeri-
cal algorithm (8.3). In the limit of a large number of tri-
als, the ensemble average over the trajectories at each
time step represents the time development of a phase-
space variable.

Standard laser operation, as discussed in Sec. VII, is in
the adiabatic elimination limit where 7 <<1. The equa-
tion for the cavity variable « is then

__C
h+daa’

é=—17a 1 F_, (8.5)

a

where h =(1+2y')(1+y’).
The usual semiclassical theory gives the stable station-
ary solutions

(8.6)

Threshold is thus defined for C =h, where in order to ob-
tain a reasonable inversion [from (5.9)] we have y'—0 so
that C—1. Our procedure, therefore, is to fix n=0.1
and then vary C in the range 0.2 to 2.0 to discover wheth-
er the simulations display the same characteristic laser
behavior. The parameter s is no longer free, but is deter-
mined by the choice of C and 7 as

s=(Cq)'?. (8.7
We begin with the laser fully pumped and the cavity in
the vacuum state. That is, we have an initial condition of
N atoms in the upper lasing level and no atoms in the
lower lasing level. In terms of the scaled variables this
becomes

al0)=a *(0)=0,
w0)=v"(0)=0,
D(0)=B(0)=1.

<A

To test the operation of the simulated laser we initially
investigated two physical quantities of interest, the cavity
intensity I(z) and the second-order correlation function
(with no introduced time delay in the average) g(0)[¢].
These are defined as
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I(H)=Re[{aT ()alt)),,]
=ﬁ2—Re[(ﬁ (&) ) eps)
N
=N Rel¢a *an).,] (8.9)

Cn

g2(0)[t]=1+Re

([a™(OPLa()]) e
[aT(Dalt)) T
([@ " (OPa(t)]?) ens

=1+R
© @ T (Dat)) I

l . (8.10)

IX. SIMULATION RESULTS

A. The 10 000-atom laser

The first simulation we performed using the scheme of
Sec. VIII was of a laser with an average number of 10 000
atoms in the upper lasing levels. The parameter ¥’ was
set to be 0.01; this allows for a low level of lasing level
transitions through mechanisms such as spontaneous
emission and spurious pumping (i.e., atoms in the lower
lasing level getting additional energy from some extra
source to go to the upper level). Thus threshold for this

system is at
C=h=1.0302 . 9.1)

Representative results for I(¢) and g2(0)[], in situations
both above and below threshold, are shown in Figs. 3-6.

24
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0 S0 100 150

Scaled time 7

FIG. 3. Cavity intensity vs time, using full simulation param-
eters: C=0.8, N =10000, dt=0.05, n=0.1, y'=0.01, 1050 tri-
als.
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FIG. 4. Second-order correlation function vs time, using full

simulation parameters: C =0.8, N =10000, dt=0.05, n=0.1,
y'=0.01, 1050 trials.
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FIG. 5. Cavity intensity vs time, using full simulation param-
eters: C=1.8, N =10000, dr=0.05, n=0.1, y'=0.01, 1100 tri-
als.
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The results above threshold are entirely as expected
and clearly show the three regions of laser operation as
defined by Haken.!3 The first of these is the spontaneous-
emission stage; this is characterized by very small fluctua-
tions in the cavity intensity above the vacuum with g%(0)
remaining around 2, the value for an incoherent light
source. Region 2 is the stimulated emission stage, where
the intensity of the spontaneous emission is amplified
dramatically by induced emission. During this increase
g%(0) has no fixed value and may fluctuate wildly. Final-
ly, in region 3 we obtain saturation, the cavity intensity
reaching a very stable stationary value. The second-order
correlation function at the same time quickly settles to a
value of 1, thus indicating the normal laser operation of a
coherent intense light.

Below threshold, Figs. 3 and 4, the laser simulations all
display the same time behavior. This essentially involves
tending towards some stationary limit, the value of which
is determined by the level of spontaneous-emission fluc-
tuations.

If we choose the cooperativity parameter C to be close
to threshold, then the laser simulations clearly display
the phenomenon of critical slowing down. This is
reflected in the time for the laser to reach saturation just
above threshold (see Fig. 7 for C=1.1). Using a
simplified deterministic analysis, the time constant for the
threshold from region 1 to region 2 is given by

h
== 9.
X m(C=h) ©.2
5
4
34
O
N A
0
-| T T L T
0 50 100 150 200
Scaled time 7

FIG. 6. Second-order correlation function vs time, using full
simulation parameters: C =1.8, N =10000, dt=0.05, n=0.1,
y'=0.01, 1100 trials.
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Therefore as C—h, this time constant gets very large,
and we get critical slowing down.

To provide a summary of the 10000 atom laser, the
stationary limits for the simulations are now plotted
versus the cooperativity parameter (Figs. 8 and 9), to-
gether with the predictions for the semiclassical steady
states. These results would seem to confirm the station-
ary behavior of the laser simulation both above and
below threshold. The only slight discrepancy is very
close to threshold where it is difficult to exactly obtain
the stationary limit, but this is also the region where the
potential solution is furthest away from the deterministic
solution.

It is important to say, that in conducting this simula-
tion, numerical spikes were experienced when simulating
laser operation for a choice of C above threshold. How-
ever, these spikes only occurred during region 2, i.e., dur-
ing the region of rapid intensity amplification. Thus if C
is chosen below threshold, or if the initial cavity intensity
corresponds to being in the saturation region, then the
time development is without any spiking behavior.

If we analyze a single trajectory which experiences a
spike, then the spike may be seen to correspond to an ex-
plosion of the trajectory into ten-dimensional phase space
(the explosion is not into the full 12 dimensions—this is
due to the last two dimensions describing the number of
lasing atoms, which is constrained to vary around the
average number). These spike trajectories are thus of the
characteristic loop structure discussed in our previous pa-

2000

1500 4

1000 -

500 4

T T T T T T T
0 100 200 300 400 500 600 700

Scaled time 7

FIG. 7. Cavity intensity vs time, using full simulation param-
eters: C=1.1, N=10000, dr =0.05, n=0.1, y'=0.01, 1050 tri-
als.

2741

per’ for a two-dimensional system. Extending this work
in dimension, we can think of the laser equations becom-
ing first-order unstable during the amplification process.
Single trajectories may then be driven by the noise into

13000 4
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11000 {
10000 4
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7000 4
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C - cooperativity parameter
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0.0 0.2 0.4 0.6 0.8 1.0 1.2

C - cooperativity parameter

FIG. 8. Summary graphs—stationary intensity vs coopera-
tivity parameter. , semiclassical curve. X, point obtained
by simulations. Parameters: N =10000, dt=0.05, »=0.1,
y'=0.01.
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FIG. 9. Summary graph—stationary second-order correla-
tion function vs cooperativity. ——, potential solution curve.
X, point obtained by simulations. Parameters: N =10000,
dt=0.05,7=0.1, y'=0.01.

nonphysical portions of the extended phase space. The
trajectory then embarks on a deterministically driven
looped path in ten-dimensional phase space, causing the
spike in the ensemble average, but must eventually return
to the physical portion of phase space. For large values
of the phase-space variables we would expect that the
traditional Jaynes-Cummings terms dominate over the
dissipative terms. This means that there are large oscilla-
tions in the trajectory, although the effect of the Jaynes-
Cumming terms must be to keep the trajectory bounded.

In an infinite ensemble, the effect of these spike trajec-
tories is averaged out over phase space and hence does
not directly affect the time development of the system.
However, in practical ensembles the spikes can mask the
true behavior and since our numerical routines become
inaccurate on the loop, we therefore remove trajectories
from our averaging process if they reach a predetermined
phase-space cutoff surface. The spikes which are present
in Figs. 5-7 are the beginnings of spike trajectories
which are then removed after exceeding the cutoff. Obvi-
ously, the negative spikes which appear in Fig. 6 are not
physically allowable and so do not directly represent a
physical situation. They are more likely to simply result
from the use of finite ensemble sizes, as in an infinite en-
semble there would always be a corresponding positive
spike to cancel out the negative spike at any time point.
However, this does not mean that the spikes have no
physical relevance—indeed, the fact that the spikes all
occur at the transition through threshold would suggest
this.
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One disturbing conclusion reached in Ref. 7 was that if
there existed a finite probability of a spike in the station-
ary limit, then this signaled that the stationary time de-
velopment could be suspect. In these simulations, howev-
er, despite the appearance of spikes, there seems no doubt
that these simulations are indicating a time development
for the laser which is in accordance with our physical ex-
pectations. At the very least, since the spikes are limited
to a small part of the time development, outside this re-
gion we can be reasonably confident that the simulations
are truly representing the nature of the exact laser equa-
tions.

B. The adiabatically eliminated laser

As a test of the results for our 10000 atom laser we
now proceed to simulate the set of adiabatically eliminat-
ed laser equations (8.5). The noise correlations are com-
plicated in general, but provided we stay reasonably close
to threshold we may then consider the small intensity ap-
proximation for the noise (with n,m,m*=0)

25

F  y=—2=2__,
(FoFye) N(1+2¢")

(F,F,)=0=(F_.F_.).

(9.3)

The simulations are generally conducted in a reduced
four-dimensional phase space and two independent noise
terms are required to represent (9.3). However, if the
variables @ and a™ are chosen to be complex conjugate in
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FIG. 10. Cavity intensity vs time, by two methods: ——,
adiabatic simulation, 4000 trials; — — — full simulation, 1050
trials. Parameters: C=1, N =10000, dt=0.05, 7=0.1,
y'=0.01.
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FIG. 11. Second-order correlation function vs time, by two

methods: , adiabatic simulation, 6000 trials; — — —, full
simulation, 1050 trials, Parameters: C=1, N =10000,
dt=0.05,17=0.1, y'=0.01.
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FIG. 12. Cavity intensity vs time, by two methods: ——,
adiabatic simulation; 6000 trials; — — —, full simulation, 1050
trials. Parameters: C=1.6, N=10000, dt=0.05, »=0.1,
y'=0.01.

methods:
simulations, 1050 trials.
dt=0.05,7=0.1, y'=0.01.

the initial condition state, then the form of the equations
will maintain the conjugacy and so we really only need to
treat a two-dimensional phase space. This reflects the
fact that for a constant noise term the positive-P repre-
sentation collapses down to the standard Glauber-
Sudarshan-Haken P function. Using an identical set of
parameters to that in the full laser, simulations were per-
formed of the adiabatically eliminated laser both above
and below threshold (see Figs. 10—13). The results rein-
force the nature of the time development of the simula-
tions in Sec. IX A, displaying the same essential behav-
iors in saturation intensity, the time constant for laser
amplification, and in critical slowing down.

At no point in these reduced system simulations, even
during the rapid amplification phase, were any numerical
spikes experienced. Hence no cutoff was required for the
trajectories and all ensemble averages were obtained us-
ing all the trajectories. This extra stability is consistent
with the assumptions involving in the adiabatic elimina-
tion. This means that where a trajectory in the full simu-
lation loops quickly out into the extended phase space,
because the adiabatic elimination assumes a very slow
cavity, then the trajectory in the reduced phase space has
the instability smoothed out and hence no spike occurs.

The time development of the reduced laser system is
not identical to that of the full laser system, but this is to
be expected considering the simplicity of the noise term
used in (9.3). However, the general characteristics are
the same, which would seem to confirm that the full laser
simulations in Sec. IX A are substantively correct.
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FIG. 13. Second-order correlation function vs time, by two
, adiabatic simulation, 6000 trials; — — —, full
Parameters: C=1.6, N =10000,
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C. The few-atom laser

Since the stochastic laser equations have been reached
without a scaling in the number of lasing atoms, then in
principle they could be used to simulate a one-atom laser.
The theoretical calculations in Sec. VII (and in our previ-
ous work!) would suggest that this is possible provided
that the parameter s is reduced in order to keep the quan-
tum noise at a low level. As s is determined by C and 7,
this means that above threshold we require the cavity to
be of extremely high quality, that is, we must have 7 ver
small. However, by reducing 7 significantly, it can be
seen from (9.2) that the time constant y increases dramat-
ically.

Thus, if we consider a one-atom laser with =0.0001,
then no laser operation is observed, or at least the simula-
tion has not yet developed beyond the spontaneous-
emission stage. That the simulation fails here, represents
the fact that using a single lasing atom to produce laser
light, although perfectly feasible from the equations,
would require such a good cavity to catch and amplify
the emissions, that a buildup to the coherent saturated
laser output would be impossibly slow.

It may be possible to develop some kind of multiple
time scale method to deal with this situation. The adia-
batic elimination limit would seem to be appropriate at
first glance, but in fact it requires n, to be large, which is
not necessarily the case in a one-atom laser.

However, a laser based on a small number of lasing
atoms may still be constructed. If we set N =100 and
1=0.01, then for C =1.8 the following time develop-
ments resulted (see Figs. 14 and 15). A saturated
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FIG. 14. Cavity intensity vs time, 100 atoms, by two
methods: , adiabatic simulation, 2000 trials; — — —, full
simulation, 1000 trials. Parameters: C=1.8, N =100,
dt=0.05, n=0.01, y"=0.01.
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FIG. 15. Second-order correlation function vs time, 100
atoms, by two methods: , adiabatic simulation, 2000 tri-
als; — — —, full simulation, 1000 trials. Parameters: C =1.8,
N =100, dt =0.05, n=0.01, y'=0.01.

coherent laser output is now obtained, although the
buildup is only achieved over a long time development.
The time to reach amplification is about ten times that in
our previous 10000-atom simulation, a ratio consistent
with (9.2) and the relative cavity quality factors.

In Fig. 15 we see huge fluctuations in the initial com-
putation of g%(0)[¢] which arise from very irregular be-
havior of the solutions in this region. These would
presumably disappear with a sufficient number of trials.
It is obvious that the simulation cannot be trusted in this
region.

D. Two-time laser characteristics

All the simulations conducted thus far have involved
the calculation of averages at single time steps in order to
obtain information about the photon statistics, i.e., the
intensity I(z). However, it is perfectly possible to take
ensemble averages where the variables are at two
different time steps and hence reveal the nature of the
laser spectrum.

The quantity that is normally calculated is the first-

order correlation function g'!'(r,t), defined by
g V(r,0=C(a"(t +m)a()) =(a*(t +7)aln) , 9.4)

or equivalently, its transform in Fourier space, called the

laser spectrum
Sto,0=[7 dre "gW(r,1). 9.5)

If we now use our laser equations [both the full equations
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(6.5) and the adiabatically eliminated equations (8.5)] to
obtain simulation results for (9.4) and (9.5), then we may
calculate the linewidth for the laser [defined as the half-
width of (9.5) at half maximum] and compare it with
analytical and experimental predictions. The simplest
theory with which to check the simulation results, in the
adiabatic elimination limit, is that arising from the re-
duced cavity equations, where we replace the stochastic
term with a constant noise using approximation of Sec.
VII A. Hence from (8.5) and (9.3)

da=—naf(aa *)dt+ Nlmdl“(t) . (9.6)
where
4
dTdT=0=dT*dT*, dTdT*=2Qd:, Q=—"— .
1+2y
9.7)

The most obvious method for simulating two-time
correlation functions would be to integrate the equations
until we are in the stationary region and then fixing this
time as ¢, continue the trajectory with 7 and calculate the
respective correlations. The ensemble average over the
trajectories at each 7 represents the time developments of
the correlation function, and since we are in the station-
ary state this result should be independent of the starting
time ¢.

However, provided the equations are ergodic* we have
the property of mean-square (MS) convergence:

limy,s iT J T x(ox(e—n)

T—o one trial

=[{x()x(t=7)) Jens - (9.8)

We would expect stochastic equations to be ergodic in
nearly all situations, and provided this condition is
satisfied it is possible to construct an alternate method for
simulating two-time correlations. We now require only a
single trial, and at each time step calculate the products
of the present value of a variable with variables at a pre-
vious set of 7 steps. The trajectory is then advanced one
time step and the correlation products recalculated. The
results obtained from all the trajectory steps are then
combined with averages taken over correlations with the
same time difference 7. By (9.8) we should then correctly
simulate the two-time stationary correlation function.
The great advantage of this method is that it is much
quicker than an ensemble average for two-time statistics,
and in addition, we do not have to decide when a single
trajectory is in the stationary region.

1. Below threshold, C <h

If we linearize (9.6) as a=a,+¢€, where a;=0, then to
lowest order in € we obtain

1
N2

de=—nedt + dr’(s) . 9.9)

This can be written as an Ornstein-Uhlenbeck equation'®
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and hence has the stationary solution
(at(t +aln), = (e*(t +rIet)), = Lo 117 |
nN

(9.10)

Defining the correlation time as 7. =1/7%, then the sta-
tionary laser spectrum is given by

S(a))—_—n%fjwdrexp - iw7+%H
= fVQ L ©.11)
TC
K 1 +w?
TC
Simulations were now conducted in the below-

threshold regime using the following parameter values:
C=0.3, =0.1, y'=0.01, N=10000. The results for
g'V(t) and S (w) obtained by simulating the adiabatically
eliminated stochastic equations are shown in Figs. 16 and
17, together with the theoretical curves (9.10) and (9.11)
Both the correlation functions in Fig. 16 show the
same basic exponential decay to zero within 10—15 corre-

1.30 x 10°°

6.00 X 107’

G}

1.0 x 1077
T

0 100 200

Scaled time 7

FIG. 16. First-order correlation function vs time. , ap-
proximate theory. — — —, adiabatic simulation. Parameters:
C =0.3, n =10000, dt =0.05, =0.1, ¥'=0.01, 300 000 trials.
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lation times. The initial value for the adiabatic-
eliminated curve (corresponding to the stationary vari-
ance) is exactly that predicted by the potential solution
for the stationary situation.'? In Fig. 17 the spectra have
been normalized to the same maximum, and although the
tail behaviors are slightly different, the linewidths ob-
tained are almost identical. We may then conclude that
(at least as far as the adiabatic-eliminated equations are
concerned) the linearized theory below threshold correct-
ly predicts an exponential dependence for the correlation
function and an accurate figure for the laser linewidth.
To check that our simulation procedure was in fact work-
ing correctly, we directly simulated the linearized equa-
tion (9.9). The correlation function thus obtained, after
sufficient time steps, was almost exactly identical to the
theoretical curve in Fig. 16. Further, when using an en-
semble approach to simulating correlation functions we
exactly reproduced the results in Fig. 16, therefore
confirming the ergodic nature of the stochastic equations.

In the two-dimensional two-time simulations described
thus far, averages over approximately 100000 time events
were required far convergence. We also attempted to
evaluate correlation statistics in the full 12-dimensional

S(w) (scaled units)

Frequency o

FIG. 17. Laser spectrum vs frequency. , approximate
theory. — — —, adiabatic simulation. Parameters: C =0.3,
N =10000, dt=0.05, n=0.1, y'=0.01, 300000 trials.

laser case. However, outside the first few correlation
times, even for several million time events it proved im-
possible to sufficiently reduce the fluctuations in the re-
sults. It therefore appears that a much faster computer is
required in order to accurately simulate the full laser
equations.

2. Above threshold, C > h

The standard laser analysis above threshold in the adi-
abatic limit'® involves a change to amplitude and phase
variables, as linearization is not valid directly in the a,a™
basis. The stochastic equations that are finally obtained
are, where a=Re'®,

dt + I

dR=— N2

aRf(RY)+ 2 9.12)

SNR dTlg(1),

1

with the correlations between the noises

dTxdT g =Qdt =dTdT,, dTzdT,=0.

0.08

0.051

o(n)

0.024

-0.011

] 200000 400000 §00000 sg000¢ 1000000

Scaled time 7

FIG. 18. First-order correlation function vs time. , ap-
proximate theory. — — —, adiabatic simulation. Parameters:
C =1.4, N=10000, dr=0.05, n=0.1, y'=0.01, 100000 trials



41 THREE-LEVEL ATOM LASER MODEL WITH RESULTS AND. ..

The equation for the phase ¢, (9.13), thus exhibits the
perfect phase diffusion characteristic of a laser operating
above threshold.
To calculate the first-order correlation function
(a™t(t +1)al(t))
=(R(t +7)R(t)exp{ —i[d(t +T)—d(D)]}) , (9.14)

we assume that for large N, the amplitude fluctuations
are small and thus

R(t+7)=R(t)=R(x)=[HC—h)]'"?. (9.15)

Hence we may integrate (9.13) and using the Gaussian
nature of the noise obtain
_
T. |

The correlation time is defined as 7,=N(C —h)/2Q and
results in the theoretical laser spectrum

(a(t+71)a(t)) =1HC —h)exp (9.16)

S(@)=HC—h)——5— .
+w?

9.17)

1
TC

We would expect this model to become more accurate as
we go further above threshold, where the phase fluctua-
tions increasingly dominate. We thus make the choice of
parameters C =1.4, N =10000, n=0.1, y'=0.01 which
results in a correlation time 7, =96223.47.

This very large value reflects the fact that with the very
small noises we are using, the a vector takes a very long
time to diffuse around the circular phase-space distribu-
tion and thus the laser linewidth is very narrow. Con-
ducting simulations then becomes more difficult as we
need to extend 7T over a very large time interval in order
to obtain the full correlation behavior. However, by cal-
culating correlations at every 1000th step instead of every
step, it is possible to obtain a reasonable picture of the
phase diffusion. In Fig. 18 we show the simulation result
for the correlation function obtained using the adiabatic-
eliminated equations. The results confirm exactly the
phase-diffusion process over the first 2-3 correlation
times. The discrepancy that occurs for times longer than
this is almost certainly not physical but it simply was not
possible to run the simulation long enough to reduce the
fluctuations at very long correlation times.

X. CONCLUSION

Although the use of three-level atoms in a laser model
is not new (i.e., the laser models of Louisell and Gordon),
in recent times the favored approach has been to use a
two-level atom model to derive phase-space equations for
the laser (following Haken). In our previous paper, we
presented a new phase-space method for the two-level
system involving a generalized P representation, but al-
though an exact Fokker-Planck equation was obtained,
there was an unexplained instability in the resultant sto-
chastic equations.
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To attempt to remove this instability, in this paper we
considered again a three-level atom laser model. If the
reasonable assumption was made that the ground level
acts as an extra reservoir to the atoms in the lasing levels,
then a stable system of stochastic differential equations
was obtained in an extended phase space [see (6.5)].
These equations are exact, in the sense that there is no
truncation of higher-order derivatives and thus have
great potential in the solution of laser, optical bistability,
and Jaynes-Cummings problems, for both small and large
numbers of excited atoms.

The major method of analytic solution considered here
has been in the adiabatic elimination limit, where leading
noise terms have been calculated and resulted in
simplified Fokker-Planck equations in certain regimes.
For optical bistability, using methods described by
Drummond and Walls,!! linearized results may be ob-
tained for the full adiabatically eliminated equations. A
confirmation of their results is thus feasible and, in addi-
tion, a linearized theory of one-atom optical bistability is
possible.

A second method of analytic solution, which is valid
outside the range of adiabatic elimination, is to employ
the method of linearization in frequency space as
developed by Reid.!” The method was developed by Reid
using a truncated Fokker-Planck equation, so that we
would now have an extra dimension in the problem with
our equations. However, due to the simplicity of the ex-
tra equation, the stability criteria to be satisfied are iden-
tical to that stated in Ref. 17. These will only be satisfied
for optical bistability, but results may now be established
in both the good and bad cavity limit.

All of these analytic methods have limitations in appli-
cation and to solve fully nonlinear problems, we are thus
required to look at numerical methods of solution. In
this paper we have concentrated on the technique of
direct simulation of the stochastic (Langevin) equations.
For a laser configuration, we have performed simulations
of the full set of laser equations (in the adiabatic elimina-
tion regime) and compared this with simulations of the
simplest adiabatically eliminated equations. Although
some numerical problems are experienced at threshold,
the results showed all the features of laser operation and
agreed entirely with our physical expectations. Future
simulations are planned, in which the full system of equa-
tions are used to analyze the region where the parameter
7 is increased from the adiabatic elimination limit and
thus observe the breakdown in standard laser operation.

Of course, numerical simulation techniques may be
used for the equations in an optical bistability
configuration, although we do not treat them in this
present paper. Simulations have already been performed
by Carmichael, Satchell, and Sarkar’ at the critical point,
using stochastic equations obtained from a truncated
Fokker-Planck equation. It would therefore be interest-
ing to check whether their results may be replicated using
our new equations.

In addition, since the system of equations (6.5) is in
principle valid for a single excited atom, then we could
simulate bistability on this small scale. Results here
could be checked against the numerical calculations of
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Savage and Carmichael,'® which showed that single atom

bistability was possible for large saturation photon num-
bers.
Finally, it would be a simple matter to extend these
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simulations to include an analysis of the Jaynes-
Cummings problem, where we study the interaction be-
tween an undriven light mode and an ensemble of passive
atoms.
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