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We examine from first principles the effects of a stochastic pump on the output fluctuations of a
laser. The Hamiltonian for a four-level molecule interacting with a stochastic semiclassical pump
field and quantized laser field is used to obtain density-matrix equations of motion. Noise from the
pump field and from spontaneous emission is introduced systematically, as opposed to the ad hoc
inclusion of random forces in the semiclassical equations. The relationship of this theory with pre-
vious quantum and semiclassical equations is described. New equations are derived on which com-
puter simulations are performed to compare our theoretical results to experimental data for a

single-mode dye laser.

I. INTRODUCTION

During the last few years it has become apparent that
the presence of stochasticity in the pump source may
drastically alter the coherence properties of a laser. Apart
from an early study of this problem by Wang and Lamb,’
no systematic study of this problem appears to have been
carried out. Recent research on the subject has been based
on the ad hoc inclusion of noise terms in the semiclassical
Lamb equation.?~* A new, comprehensive theory, based
on first principles, is clearly required if one is to under-
stand the transformation of the pump noise by the non-
linear laser system and include quantum effects such as
spontaneous emission. It is the purpose of this paper to
present such a theory, starting from the Hamiltonian for a
four-level molecule interacting simultaneously with a sto-
chastic semiclassical pump field and quantized laser field.

As long as ten years ago, there appeared to be ample
evidence that conventional laser theory® and experiments®
on the coherence properties on lasers were in good agree-
ment with each other. Experiments on single mode dye
lasers by Mandel and his co-workers’ demonstrated, how-
ever, that fluctuation phenomena in these lasers showed
very different characteristics than those expected on the
basis of standard theory.

Kaminishi et al. attempted to apply the Haken-Risken
theory>»3® for single mode lasers near threshold to their
measurements on single mode dye lasers -operated near
threshold. This theory is basically a Langevin approach
to laser noise governed by the equation

E(t)=(a—A |E |)E +£(1) (1)

in which E(¢) is the complex amplitude of the laser elec-
tric field, a and A are real parameters. a is the pump pa-
rameter whereas A(>0) provides stabilization above
threshold as a result of saturation of the laser active medi-
um. £(z) is a Gaussian, white-noise source, representing
the contribution of spontaneous emission, and is of ad hoc
origin.

Kaminishi et al. found that this theory was inadequate
in explaining the behavior of the observed relative mean-
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square intensity fluctuations (versus pump parameter) or
the measured form of the intensity correlation functions.
Realizing that pump laser fluctuations could play a role
of importance, they suggested a preliminary treatment of
the mean-square intensity fluctuations which included
this source of stochasticity. Another possibility was the
effect of triplet state absorption which may occur in or-
ganic dyes. This situation was considered from a
quantum-mechanical viewpoint in the paper of Schaefer
and Willis.® They gave an elegant treatment of the effect
of the triplet states on dye laser fluctuations. The condi-
tions of operation of the dye laser on which measurements
were made indicated, though, that these triplet state ef-
fects were not dominant since a triplet quenching agent
was used in the dye solution.

In order to explain the measurements, Graham et al.?
made the simple assumption that the pump parameter a is
noisy. They then dropped &(¢) from Eq. (1) and replaced
a with a Gaussian, white-noise process. This converts Eq.
(1) from an additive stochastic process to a multiplicative
process,” one which can be solved exactly.!® With this ap-
proach, they were able to fit the published data of Kamin-
ishi et al.” Unfortunately, this analysis did not fit some
unpublished data, as was pointed out by Short et al.? in a
subsequent paper. They suggested the problem with fit-
ting the data may lie in the need to use “colored” noise
rather than white noise. This means that the time scale
for the relaxation of the pump noise may not be short
enough compared with all other time scales characterizing
the dye laser so that it is not a good approximation to use
a Dirac 8-function correlation for the pump noise auto-
correlation function.

The drawback to using colored noise, however, is that
the equations are no longer analytically solvable. The for-
mal theory for colored noise approximations is well
developed!! but only rarely leads to exact analytic solu-
tions. The equation studied in Refs. (2) and (10),

E(t)=[a(t)—4 |E |YE )

for which the authors found exact solutions, is no longer
tractable if a (¢) contains colored noise. Dixit and Sahni,*
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assuming an exponentially correlated noise source, per-
formed computer simulations to obtain fits to the mea-
sured intensity correlations of Short et al.? allowing the
correlation time for the pump noise to be an arbitrary pa-
rameter. They also had to adjust the value of the relative
mean-squared fluctuations to obtain reasonable fits. This
reflects the ad hoc nature of the inclusion of noise in Eq.
(2).

It is tempting to consider the subject closed at this
point. However, if one examines Eq. (2), one notices
several inadequacies in the justification of its basic form.

First and foremost, Eq. (2) is phenomenological. If it is
correct, one should be able to derive it on more basic
grounds. Second, quantum noise has been totally neglect-
ed in this equation. Third, if stochastic pump effects are

important, not only the pump parameter a but also the sa-

turation parameter A should contain random fluctua-
tions.! These inadequacies represent serious defects in the
theories reviewed so far. We address each of these prob-
lems here.

The remainder of the paper is organized as follows. In
Sec. II, the description of a laser at the level of the
quantum-mechanical density matrix for the active mole-
cule energy levels and the photon quanta for the laser
field is given. The stochastic pump field is treated semi-
classically. Decay transitions between molecular energy
levels and cavity relaxation are modeled by stochastic in-
teractions, following a method developed by Fox.” In Sec.
II, adiabatic elimination is used to remove off-diagonal
density matrix elements. A photon state contraction is
performed in Sec. IV. The correspondence of our theory
with semiclassical equations is presented in Sec. V, along
with the results of computer simulations. In Sec. VI, an
analytic approximation is examined which includes quan-
tum spontaneous emission effects. The analysis of the
equations containing both quantum fluctuations and sto-
chastic pump effects is somewhat involved, and will be
discussed in a future publication. In Sec. VII we summa-
rize our results and assess the status of the entire problem
of stochastic pump effects in lasers.

II. DENSITY-MATRIX DYNAMICS

The laser active medium will be modeled as a four-level
molecular system in a resonant cavity. Figure 1 shows a
]
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FIG. 1. Dye molecule energy levels interacting with pump
and laser radiation fields. The upward pointing arrows for the
stochastic transitions are in fact suppressed by Boltzmann fac-
tors.

schematic diagram of the molecular energy levels as well
as the various transition mechanisms. The ground state is
level 1. The pump transition is from level 1 to level 4,
which is resonant with the pump laser. The wiggles show
transitions due to collisions or radiative transitions not re-
lated to the pump or lasing radiation. The decay process
connecting levels 4 and 3 and levels 2 and 1 are very fast.
The thick arrow between levels 3 and 2 is the lasing tran-
sition which yields the light for which the laser cavity is
tuned. We will consider only single-mode operation in
this paper. The pump field will be treated semiclassically,
whereas the laser field will be quantized in the following
treatment.

The Hilbert space relevant for the density-matrix
description of the four-level molecule and the quantized
laser field is a direct product of the four-dimensional Hil-
bert space of the molecular levels and the infinite dimen-
sional Hilbert space of the quantized field. The density-
matrix equation is (in which [H,']=H:—-H is a “com-
mutator” operator)

0P _
i =[H,p] : 3)

in which p is the density matrix for the molecular levels
and the photons and H is the total Hamiltonian

4
H=#%wpa’a+ > |i)e i | +ucos(@ar) |4)E,()(1| + | 1)E;(1)(4])+g(a +aN(13)¢2] + 12)¢3])

i=1

+Hyy(0)(|3)€4] + [4)3 )+ Hu(0(|1)(4] + |4)(1])

+Hy ([ 2)3 ] + | 3)C2D+H (| 13|+ |3 +Hp (O 1)42] + | 2)1 ) +H, (1) . )

Strictly, those parts of this Hamiltonian which act in only
one factor of the product Hilbert space should be written
as a direct product with an identity operator for the other
Hilbert space factor, e.g.,

fiw,3a fa =tiw,3aa ‘e 1y - (5)

|

We will dispense with such cumbersome notation. The
first term in (4) is the Hamiltonian for the quantized laser
field photons with the frequency w,;. The second term is
the Hamiltonian for the molecular levels with energies ¢;.
The third term is for the pumping laser. The electric di-
pole coupling strength is given by p and the pump laser
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has frequency wys. E,(t) allows for the potentially noisy
modulations of the pump mechanism. The fourth term is
for the coupling between the dye levels and the quantized
field. The dipole transition coupling strength is g and this
expression contains (a +a') rather than (a —a') for the
electric dipole couphng because we assume standing waves
in the laser cavity.® The remaining terms are stochastic
Hamiltonians representing the nonradiative level transi-
tions (or radiative ones not concerning the pump and las-
ing processes) depicted in Fig. 1, and a cavity noise Ham-
iltonian, H .(2), to account for cavity relaxation. Note
that each contribution to H is manifestly Hermitian.

Each stochastic contribution to the Hamiltonian is as-
sumed to be Gaussian, to have zero mean, and to be sta-
tistically independent of each of the others. These facts
may be expressed by
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Quy=Ty; .
The Dirac delta correlations in Eq. (7) represent the as-
sumption that these quantities fluctuate on a very short
time scale compared with laser field relaxation time
scales.

Fox® has analyzed the effects of performing stochastic
averages over the stochastic contributions of the Hamil-
tonian. The exact result of such averaging, given the as-
sumptions of Gaussian white stochasticity in Eqgs. (6)—(9),
is given by (see Appendix A)

iﬁ%’f=[Ho+Hz,p]+iﬁRp+iﬁDp (10)

in which R and D are superoperators which cannot be ex-
pressed by commutators. The quantities in (10) are

. 4
(H;()=0, (H/(1))=0, (6) Ho=hopa'a+ 3 |ideli| , (11
~ ~ i=1
<H,’j(t)Hk1(S)>=Q,'jk15(t—S), (7) " ( N y . (
~ ~ = (| 4)E, (£){1 1)E;(t){(4
(Hlj(t)Hc(t»:O: ) 8) I=H CcOsSlw g I p( |+| ) p() ’)
with +gla+aN)(]3)¢2| +12)(3]), S (12
Qukl“—QukI(Slk it +8idjx) 9) R=ROCHLRILA L REI L RLD 4 LY (13)
with where
R””—ﬁ—l‘ N |4 | =5 114 ]
1 | e By
+ﬁ2 ”1t><1| IJ)(1|+ F., FRXSARAEZON
-;—2 S (e TPAEY Y GG Y G TG D | (14)

In this expression, 8=1/kpT where kg is Bolizmann’s
constant and 7 is the temperature; AE;=¢;—¢; and
Z =1+¢ P*%i, Because we will be dealing with a laser
for which BAE;; >>1, we will neglect the terms involving

~PA%y  This amounts to neglecting upward transitions
while keeping the downward transitions. In the context of
Fig. 1, this means we keep the downward pointing transi-
tions but not the upward pointing ones, which are
suppressed by a Boltzmann factor in the exact expres-

sions. Making this approximation, which is very good,
means :
1 N/ N/ 1 R i\ /s
ROD=— 2Ty 1Y 110G 455 Ty 116G |14 |
——Zlﬁ;r,-,-ui)(il-u)(j|+|f><j BEXIE

(15)

In both Egs. (14) and (15), the dots - indicate where to put
the density matrix upon which these superoperators act.
Finally, when the upward transitions are neglected, D is
given by

D=3 [—nA{n)n| |n)(n]

+r+DAaYXn+1]| |n+1){n|] 16

in which |n) denotes the n-photon state of the laser
field, and A is the rate parameter for the decay of the
field. The factors of n and (n + 1) preceding A in Eq. (16)
are the boson enhancement factors appropriate for pho-
tons. Notice that the R‘*/"s act exclusively on the dye
levels whereas the D superoperator acts exclusively on the
photon states. Moreover, the process of stochastic averag-
ing did not in any way alter either Hy or H; in Eq. (10) as
compared with Eq. (3). This is a consequence of the
Dirac delta correlations in Eq. (7) and would not occur if
the nonMarkovian correlations were assumed in Eq. (7)
for these very fast processes. Equation (10) is still sto-
chastic, even after all this averaging because it still con-
tains the stochastic pump laser field, E,(2).

The next step of this analysis is to convert Eq. (10) into
an interaction picture representation with respect to HO
Define p by



30 STOCHASTIC PUMP EFFECTS IN LASERS

p=exp(—-—iﬁ_1t[Hg, ‘1)p (17

in which we exponentiate the commutator superoperator,
[Hy, ]. We can show straightforwardly that this yields

iﬁ%f;- =[H,(1),p]+i#Rp~+i#ADp (18)

in which H/,(¢) is the interaction picture interaction Ham-
iltonian

Hi()=p(|4)E, (1| + | 1) E;(1)(4])
+g(|3)al2| +]2)a™(3]) (19)

in which only the energy conserving terms have been re-
tained.”> Notice that both the R‘*/”s and the D are unal-
tered by this step. For D, this is a consequence of the fact
that [ Hy,'] and D act in orthogonal portions of the direct
product Hilbert space. For the R “/"s, it is a consequence
of their particular structure and that of [ Hy,*]. Equation
(18) may now be rendered as a closed system of eight
operator density-matrix equations

iﬁ—ggl;i =plE, (1)pg1— Ep(t)p14]

-{‘~%(Flgfo\zz+r13ﬁss+F14ﬁ44)+iﬁ1)51j ». o (20)
iﬁa—g? =g (a'py—pna)

+ - (Taspss— D) +iDP3z 1)
iﬁig? =g(apy ‘-532‘1?) ;

-f é(ra‘@u— D303 —T13p33) +ifiDpy; ,  (22)
ifi 85:4 =plE,(t)p1s—E; ()pa]

+H(—Tspus—T1pua) +iDPus 23)
i#i agjs =g(a"ps3—pra’)— ‘Ziﬁ‘rzzﬁzs s (24a)
52 o (b prat)— —=Typrn (24b)

at 2%

ihég—;"- —ul B} (0pus—E} (0]~ = Trdus (252)
i# ag;u =RLE, (0P~ Ep(Dpas] = Tidbus - (25b)

Because these density-matrix elements with respect to the
molecular levels are still operators in the photon Hilbert
space, it is crucial to respect the ordering of @ and a T with
respect to them.

The set of equations, (20)—(25), provides a detailed
quantum-mechanical description of the stochastically
pumped laser. In the following sections we will introduce
approximations to obtain a more tractable, but still accu-
rate, description of the laser.
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III. ADIABATIC ELIMINATION
OF OFF-DIAGONAL MATRIX ELEMENTS

The dynamics of the laser will be characterized by
several time scales. The fastest processes are those which
have just been averaged over, the level and cavity stochas-
tic processes. The decay rates from level 4 to level 3 and
level 2 to'level 1 are the next fastest processes, which re-
sult in the populations of levels 4 and 2 being very small
compared to those of levels 3 and 1. These relaxation
rates are given by (1/#°)s, and (1/#%)Ty,. Slower still
are the relaxation rates (1/#%)Iy,, (1/#*)T,;, and
(1/#5)Ty3. These may differ from (1/#*)T;; and
(1/#*)T';, by one or more orders of magnitude. Usually,
the slowest process involved is the cavity decay rate, A.
The precise values of these rates depends on the particular
system being studied, but the ordering given above is quite
common, and occurs in many different laser systems.!?

Based on these premises, we may neglect I'j4 and the A
implicit in D compared with I'y; in Eq. (23). This implies
the “adiabatic elimination” of Py, by the identity

’p\uz—ﬁu—‘. [Ep(t)ﬁM_E;(t)ﬁ“] . - (26)
1F34 .
Anywhere else in Egs. (20)—(25) in which p4 occurs

without I's4 it is to be neglected whereas terms of order
I'34044 are kept. Thus, Eq. (25) yields

A @t
Pu(t)= pre fodsexp

1 A~
— —2—hTF14(t '—S)v 'E;(S)p“(s)

27

and its Hermitian adjoint for p;;. We have assumed here
that p;4(0)=0=p,;(0). Similarly, we assume p,3(0)=0
=p13,(0) below.

Equation (27) may be used in Egs. (20) and (26) to yield

Ll Ep (6)pay() — E,()p1a(2)]

-2t
=—U % fodsexp Py

r

X [E,()Ey (s)+ Ey (DE,(s)]pu(s) -

(28)
It is convenient to introduce the abbreviations
Ty “ g
= = g2 29
YI] ﬁz ? # ﬁ g ﬁ . ( ' )
Equation (24) may be solved to yield
t
ﬁ23(t)= ——lg fO dS €xXp _2’52_3_(: '—S) ]
x[a"pss(s)—pnls)a’] (30)

and its Hermitian adjoint.

Putting the consequences of Egs. (26)—(30) together in
Eqgs. (20)—(25) provides the contracted dynamical descrip-
tion
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ap t ¥
gtn =2 fo dsexp |— %(r —3) |[E,(DE, (s)+E, (DE,(s)]p11(s) + (¥ 15P22+ ¥ 13033) +Dp11 » (31)
P2 ~ A o2 [t Y2 5 ~ ~ '
Tor = " V12PntVaPi+E 2 fo ds exp —— (t=s) |[a "u(s)la —pnls)a’a —atapp(s)+aPu(s)al+Dpy,  (32)
ap: t
% =— (V134723 Pn+E> fo ds exp —Zzli(t —s) l[Ep(t)E;(s)+E;(t)Ep(s)]ﬁ11(s)
+g2 fo dsexp | — —22—3(t —s) [apzz(s)aT——p%(s)aaT—aa Tp33(s)+ap22(s)aT] +Dps; . (33)

The photon density-matrix operator is not an independent quantity and is defined by &=p;;+p+ps; since we are
neglecting Py in this order of approximation. It satisfies the equation

o t
—a—a—~Dc’i+g’2 fo ds exp

Y23
FYS - (t —s)

which depends directly on the solutions to Egs. (31)—(33).
Equations (31)—(33) provide a contracted alternative to
Egs. (20)—(25), and are a very good approximation to
them if the time scales are well separated; this is true in
many laser systems of interest, including the dye laser. In
the following sections we will examine still further reduc-
tions of these equations; one of these reductions will pro-
vide us with the equivalent of a semiclassical theory,
while the other will be a reduced density-matrix descrip-
tion of the quantized laser field.

IV. PHOTON STATE CONTRACTION

Up to now, we have described a quantized laser field in-
teracting with a single four-level molecule. In this sec-
tion, we will perform a photon state contraction of the
description and obtain dynamical equations closely related
to the phenomenological, semiclassical equations.” In ad-
dition, we generalize our treatment to N (four-level) mole-
cules. It is to be noted that we obtain the electric field
behavior directly from the density-matrix descriptions and
we do not have to introduce an auxiliary account of the
electric field and polarization as is usually done, e.g., in
Louisell’s account.”?

It is convenient to introduce the generalization to N
molecules first, since the N=1 special case follows im-
mediately. To treat N molecules, the Hamiltonian given
in Eq. (6) must be enlarged to include terms for each mol-
ecule. The corresponding Hilbert space also must be
enhanced by factoring in a finite dimensional Hilbert

|

le 2 t
Ea fodsexp

-l/21—4(t—s)

[2a Tﬁ33(s)a —Pas(s)aa ' _aa Tf)”(s)—}- 2apy(s)a T—ﬁzz(s )a'a —a Taﬁn(s)] (34)

]

space for each molecule. The details are given in Appen-
dix B. The result is that we obtain equations similar to
Eqgs. (31)—(34) except that Eqs. (31)—(33) are multiplied
by an overall factor of N, whereas Eq. (34) has a factor of
N multiplied into only the integral term in its right-hand
side (rhs). The consequences of these factors of N are de-
lineated in the following.
The number of molecules in state | i) is given by

> N{n |pi|n)=N; fori=1,2,3 (35)

* where N; is a number between 0 and N. Conservation of

molecules implies
N{+N,+N;=N =const . (36)

The laser field intensity is the expectation value of the
photon number operator, a'a, and is given by

S <(n|atas|n)=1. (37
n
Equations (35) and (37) are consistent with the additional,
but not independent, identity

3 N{n |alapy |n)=NI. (38)
n

With these identities, the contraction of Egs. (31)—(34),
appropriately reinterpreted for N molecules, proceeds by
tracing each equation over photon number expectation
values. For example, Eq. (31) yields

LE,()E; (s)+E; (DE,(s)IN(s)+(¥ 12N, +713N3) . (39)

The D term in Eq. (31) gives rise to zero when we use Eq. (16) for D

2N<nlDﬁu|n>=N[i(—nk)(n|p11|n)+i(n+l)7»(n+l|ﬁ“|n+1) =0. ‘ (40)
n n=0 n=0 '
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The last step in Eq. (40) follows from shifting the summa-
tion index on the second sum. This cancellation will hold
also for p,; and ps;. ‘

Inspection of Egs. (31)—(34) justifies the conclusion
that for i=1,2,3, p; is a function of the operator com-
bination a'a (or aat=a'a +1) and not a function of the
separate linear operators, a or al. Therefore, it is con-
venient and valid to write py(n)={(n|p;|n), or
Puln +1)=(n+1|p; |n+1). In Egs. (32)—(34), we also
meet combinations such as a'ap; and a’p},-a*, as well as
others. The ordering of these operators has been carefully
preserved throughout the analysis, and it has the follow-
ing consequences during the contraction process: Let
f=f(a'a) be any function of a'a, which is a continuous
and infinitely differentiable function of its argument. We
have the following identities which are easily proved:

S{n|fin)=3rf(n), (41)
3 (n|a'af |n)= 3 nf(n), 42)
3 (n|atfa|ny=3Fnfn-1), 43)
S (nlaatf|ny=3 (n+1)f(n), (44)
|
d _ t
EN3=—-—(7/13+7’23)N3+#2fodsexp —%(t—s)

t
+2g2 fo ds exp

2487
S(n|afat|n)= (n+1)f(n+1). 45)
n ' n
Applied to Eq. (38), these results imply
2Nnﬁ;,-(n)=NiI . 46)
n

Whereas for the other kind of combination which occurs
in Eq. (32), for example, aTﬁ33a, they imply

ZN(” |aTﬁ33a |n>= anﬁ33(n—l)=N31+N3 .
n n

47)
Therefore, the contraction of Eq. (32) yields

d _
ZN2=—Y12N2+’}’23N3 +282

X f O‘ds exp

Y23
_T"_s’]

X[N3(s) (s)+N3(s)—Ny(s)I(s)] . (48)

The contraction of Eq. (33) yields

[E,(DE; (s)+E, (1)E, (s)]N(s)

—1'22—3(t —s) ][Nz(s)I(s)—Ng(s)—N3(s)I(s)] . 49)

To obtain the intensity equation, Eq. (34) must be multiplied by a'a and then traced over the photon states. Part of

this particular contraction requires

00

i (n|a'aD&|n)=3 n[—nA&(n)+(n + DAS(n +1)]
n=0

n=0
= 3 [—n®A8(n)+(n —DnAs()]=— 3, And(n)=—AI (50)
n=0 n=0

as follows from Eq. (37). Therefore, we get

a4, 2N [
dtI__M+2g Nfodsexp

—%(t~s)]

X 3 [n%px(n —1,s)—n(n +1)p3(n,s)+n(n +1)py(n +1,5)—npy(n,s)]

=—Al +28°N fotds exp —%(t——s)]

t
=—A 4282 fo ds exp

Notice the cancellation of all terms of order n? in Eq. (51).

> [(n +1)p33(n,5)—npy(n,s)]

—1’231(; _s) ][N3(s)I(s)+N3(s)—Nz(s)I(s)] . 51)

So far, we have not made use of the fact that ¥, is a very fast rate. This fact can be used to adiabatically eliminate
N, from further consideration. All terms in Egs. (39), (49),and (51) of order N, can be neglected whereas terms of order
Y12V, must be retained and replaced by the adiabatic elimination identity which follows from Eq. (48)
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—2 ! Y23
Y12N2 =72 N3+28> fo dsexp | ——=(t —s)
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[N3(s)I(s)+N3(s)—Ny()I (5)] (52)

in which the N, term on the right-hand side is self-consistently dropped. Putting Eq. (52) into Eq. (39) yieids

' t
%N,:(y23+y13)N3_‘n2fodsexp —y—zli(t—s) [E,(1)E, (s)+E, (1)E,(s)IN (s)
t .
+2g? fo ds exp ‘—%(t —S)][N3(S)I(S)+N3(S)]. (53)
Equation (49) becomes
d 5% [d Yis E,(DEX(s)+EX(1)E,(s)IN
SNy =—(Via+72)+E S, dsexp |- 5 (1 =9) |[Ep(DE; ()4 By (DE, () IN1(5)
t
—2g? fo ds exp —%(I—S)J[N3(S)I(S)+N3(S)]. (54)
Equation (51) becomes
Ly w428 [ dsexp | — T2t —s) |[N3() (5)+N5(s)] (55)
dt 8" Jo p 2 3 3 .
Clearly, to this order of approximation, we still preserve the total number of molecules, since Ni=—N 3. Therefore, it

is correct to eliminate N; through

N;=N—N, .

(56)

In the next section we will proceed with the final reduction of these equations, which will be similar to well-known
semiclassical equations. At this stage, however, it is useful to note the structure of our results.

Two different memory integrals occur in Egs. (54) and (55). The memory integral in Eq. (54) for the pump terms in-
volves E,(t)E,(s)+E,()E,(s). If the pump field is stochastic, then the fluctuations must be incorporated into this
structure. Only if the memory effect can be neglected in Eq. (54) can we approximate this structure by 27,(¢), the pump
intensity at a single time. Only then is the phenomenological treatment of pumping fluctuations used by earlier investi-
gators partially justified.2—*

"~ V. COMPARISON WITH SEMICLASSICAL THEORY AND NUMERICAL SIMULATION RESULTS

On performing the photon state contraction of the last section, we have finally obtained two coupled equations for the
upper lasing level population and the laser intensity. They are

%N3=—(713+y23)N3+,72 fotdsexp ——-Lzli(t—s) [Ep(t)E;,"(s)+E;'(t)Ep(s)x][N——N3(s)]
—2g? fotdsexp ——1/22—3(t—s)l[N;(s)I(s)+N3(s)] (57)
and
Ay A+28? [ dsexp | — T2 (e —s) |[Ny() ()4 No(s)] (58)
a = €7 J, P 2 3 3 .

These equations contain the effects of quantum fluctua-
tions of the laser field (since we have traced over the pho-
ton number states). They also contain the effects of the
pump stochasticity, and reveal several novel features on
examination. The right-hand side of Eq. (57) shows clear-
ly the dependence of N; (and hence I) on the fluctuating
amplitude of the pump field E,(¢). The exponentially de-

caying terms in the memory integrals contain relevant re-
laxations of the molecular levels. The relative time scales
of the pump laser fluctuations and these decay rates will
determine the eventual behavior of the integrals.

There are some special cases in which these equations
reduce to forms which are well known.

(i) Constant pump intensity: In this case, the equations
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simply become, with I, =Ep, Ep,
Ti_t—Ns_G —A'N3;—BN;5(I+1), (59)
d
EI— —Al +BN;(I+1), (60)
with
G= ‘y'u_l N, X _(?’13+?’23)+_L1
14
(61)
B
Y23

The assumpfion used in obtaining these equations is that
t _ —
[ e TIN () + 1]2%N3(t)[1(t)+ 11 (6
23

and

2N,(1)

b —yy3/2t—s)
J e N3 (s)ds~
0 Y23

(63)

Equations (59) and (60) are identical with the usual rate

212 fotdse
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equations used to describe laser operation. If we now
“adiabatically” eliminate N; through

G
Ns=33Ba+D o9
we obtain
d _ GB(I +1)
dtI AI+*———2L’+B(I+1) . (65)

This equation, apart from the 1’s in the parentheses, is
identical to the (phenomenological) semiclassical equation
given, for example, by Louisell in Ref. 5(d). The one’s are
a consequence of using a quantized formalism, which in-
cludes spontaneous emission.

(ii) If the pump field is not constant, but a very fast sto-
chastic process, we may still obtain somewhat simplified
equations which can be used to obtain numerical results.
In addition to Egs. (62) and (63) we have to approximate
the pump noise in Eq. (57). Taking E, () to be simply of
the form

E,=V'I,+&(), (66)

where &(t) is Gaussian white noise, the pump term con-
sists of four parts

_y14/2(t—5){[‘/_ é‘(t)][\/_— ES)IN —N;(s)]

=28 [N —N5(1] fotdse_y“/m_S)[Ipa+\/_Ipog(s)+\/Ip;§(t)+§(s)§(t)] (67)

in which N; has been treated as slowly varying compared
to all other factors, which contain white noise. The first
and third terms immediately give us

_2
BTN Ny,
14

and
=2
BTN N0V T, -
4
The last term may be approximated by 22

X [N —N;3(8)1&(t)%. A heuristic way of recognizing this is
to realize that since the time scale for fluctuations of £(z)
is very short (compared to 1/y14), only very small time
differences will contribute to the integral, for wh1ch the
exponential e T2 g essentially unity.

The second term, 2 %[N —N;(z) ]\/—— f
&(s)ds will actually generate a colored noise term f(t)
with a time scale (1/¥,4). One can show that if

(EQEL"))=Q8(t —t") (68)
then, with f(#)= f T/ S)g(s)ds, we have

~¥ 1472t —s)

(Ffuny=2£

14

7’142—714/2|t—t'|
3 .

I

If f(2) is still on a fast time scale compared to the time
scale for field fluctuations set by 1/A, we may still treat
this term as white noise, i.e.,

Y14 o T1/2 1=

lim —28(t —1¢') . (69)
Yia—> 2
In other words,
lim (f()f(t))—>Q8(t —t') (70)

714—>w

with 0=4Q /7%4. To simulate Gaussian white noise, we
use the Box-Miiller algorithm to generate Gaussian ran-
dom numbers x; and x, from uniformly distributed num-
bers y; and ¥,

x1=v —2lnycos(2my,)V QAt , 71)
x, =1 —2Inysin(27y,)V QA , (72)

where At is the time step used to integrate the equations
of motion. To simulate the noise term f(z), Q would
have to be replaced by Q, which thus gives us the same
contribution as the third term, each being (47Z%/ys)
XN —=N3 ()W Ipx,.

" With these approximations, one may now simulate the
Egs. (57) and (58) numerically on the computer and obtain
correlation functions of the intensity of the laser field.
The correlation function
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FIG. 2. (a), (b), (c): A(7) vs experimental data from Ref. 3; % are obtained from simulations. The error bars are estimated from
the scatter of the experimental points and the results of the simulation for different realizations. (a) [A(0)]expt=2.04; I,,=6.0%10?
(V/m)* B=0.0106 sec™". () [A(0)]exp:=0.98; I, =2.0X10° (V/m)% B=0.0033 sec™'. (c) [A(0)]expt=0.57; I, =2.4X 10° (V/m)
B=0.0037 sec™'. The other parameters are common to all three figures 4% 2/y14=10"* sec™!, y1,=1.4X 10° sec™!, A=5X 10° sec~!,
Q =7.0X10% N =10 molecules, (y13+¥23)=10" sec™, integration time step =10~ sec.

(AI()AI(t +7))
Iy

may be calculated, suitable estimates being taken for the
large number of dye parameters which occur in Egs.
(57)—(58). We have made such plausible estimates and
obtained fits for the three intensity correlation functions
which were measured experimentally.> The fits have been
obtained by varying the average pump intensity I,, and
the coefficient B, i.e., the three curves have been fit by
varying two parameters. When the experiments reported
in Refs. 3 and 7 were performed, I, 0 Was not measured as
an experimental parameter. At that time this was not
considered a crucial measurement, since fits were being at-
tempted with the one-parameter Haken-Risken theory of
the laser. Also, when those measurements were per-
formed, the pump intensity required for threshold varied

Alr)= (73)

by as much as 40—50 % on different days, depending on
the overlap of the pump and dye beams in the dye stream,

- the flow rate of the dye, and the overall alignment of the

laser optics. However, the values of 7 0 used in our fits
are of a reasonable magnitude for a low-loss laser cavity.
The time step size taken was 1 ns and 300 realizations of
40000 steps each were computed. Other parameters are
stated in the figure captions, and the estimated errors in
experimental and simulation results are shown in Figs.
2(a)—2(c). No “subtraction” procedures have been
used,>~* which we regard as an important aspect of our
theory.

VI. THE EFFECT OF QUANTUM FLUCTUATIONS

We have, until now, traced over the photon number
states in order to show the correspondence of our equa-
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tions with those of semiclassical laser theory. This pro-
cedure neglects the statistical features of the laser radia-
tion which owe their origin to spontaneous emission, al-
though it accounts for it in an averaged sense. In this sec-
tion we will retain the stochastic effects due to both the
pump laser and the intrinsic quantum fluctuations. The
actual analysis of the equation which contains both these
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stochastic contributions is quite involved, and will be
treated in detail elsewhere. In this section we merely out-
line the procedure to be followed.

Let us introduce the approximations represented by
Egs. (62) and (63) into Eqgs. (33) and (34) for p3; and &,
respectively. Neglect of the population of level 2 and the
adiabatic elimination of p3; then gives

8(m)=—Ano(m)+(n + DAG(n + 1)+ — & et (74)
y Y13Y23 l 14 —©=" 1+__g__(”_+_1_)_
2lo2 Y13Y23 Aty
Y3 |75 Y | T,

Here

t — —
G(t)=f*N fodse Ti/20 =)

X [Ep(DE, (s)+Ep (DE(s)] . (75)

This equation has nearly the same form as the Scully-
Lamb master equation.® It can no longer be solved for
steady state by putting the left-hand side to zero, since
G (t) is a time-dependent fluctuating quantity. In the spe-
cial case that the pump field is constant, G (¢) is no longer
stochastic and the Scully-Lamb equation is obtained as a
limiting form.

It is possible to perform stochastic averages with
respect to the pump fluctuations and obtain an approxi-
mate recursion equation for &(#n) in the steady state. This
may be done by using the cumulant method of Fox® and
leads to an equation of the form

Mn +1)a(n +1)—aln)o(n)+B(n)d(n —1)=0 (76)

which can be solved asymptotically for large n to obtain
the form of the distribution &(n). Analytic and numerical
results on this equation will be presented in a forthcoming
paper. This technique allows us to retain the statistical
effect of quantum spontaneous emission and also stochas-
tic pump effects. Our theoretical results for the photon
number distribution will be compared with the recent ex-
perimental results of Mandel and co-workers'* and also to
the results obtained by simulating the phenomenological
equation

E=[a()—A |E |YE+f(1),
which contains both additive and multiplicative noise.

VII. CONCLUSION

Till now, the problem of pump noise in lasers was dealt
with in a very ad hoc manner, by assuming a fluctuating
pump parameter, which was either & correlated or colored
noise. We have formulated from first principles the in-
teraction of a pump laser with the molecules of the secon-
dary laser system. The pump laser is taken to be an in-
tense, semiclassical field, while the laser field is quantized.
Though a particular form for the stochasticity of the

I

pump field still has to be assumed, the manner in which
this noise appears even in the reduced semiclassical equa-
tions is seen to be different than has been assumed to date.
We have, in particular, taken white noise for the pump
laser, shown that this will produce colored noise in the
secondary laser system, and fit some experimentally mea-
sured correlation functions for a single mode dye laser.
An equation which includes quantum. fluctuations has
also been derived, using our basic equations in which the
secondary laser field is quantized. This equation will be
analyzed in a future publication.

APPENDIX A

The density matrix provides an alternative to the
Schrodinger equation

., 0

i# at¢—H¢ (A1)
.in the form

., 0

it atp—[H,p] (A2)

H is the Hamiltonian. The right-hand side of (A2)

denotes the commutator of H and
[H,p]l=Hp—pH (A3)

in which p is the density “matrix,” or operator,” which is
related to ¢ by

p=1yPX¢¥| .

In (A4), |¢) denotes the Schrédinger wave function, ¥, in
Dirac’s ket notation.

(A4)

1. Operator calculus

To solve (A2), it is convenient to introduce the commu-
tator operator, [ H,-], defined by

[H,-]M =HM —MH (AS5)

in which M is an arbitrary operator. While M acts in the
original Hilbert space, [ H,-] acts in the space of opera-
tors. It is called a “superoperator.” The solution to (A2)
can be written
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p(t)=exp p(0) (A6)

i
—Zt[H"]

in which p(0) is the initial value density-matrix (operator),
and the exponentiated superoperator is itself a superopera-
tor which acts on p(0). An easily proved identity, for ar-
bitrary M, is
i
——tH
h .

/ (A7)

~ exp M =exp M exp —;l—tH

i
_%‘t[H"]

Let H=H, +H(¢t) in which H(¢) is stochastic white noise
and [ Hy,H(1)]5£0

plt)=exp —-;;it[Ho,‘] ple) . (A8)
This yields an equation for p(¢)
) =y (1), Tl (49)
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in which H;(#) is defined by

Hy(t)=exp H(t)exp (A10)

i
—tH
7 o

i
—Lwm, .
# °]

The solution to (A9) is not as easy to express as was the
solution, (A6), to A(2) because of the ¢ dependence in
H,(t). For two different times, ¢ and s, we find

[H;(8),H (s)]#0

because [ Hy, H (1)]5£0.

We may overcome the commutativity problem ex-
pressed in (Al1) by introducing the “z-ordered exponen-
tial.” Consider the general vector equation

(A11)

d
—a=M(t)a
dt
in which @ is an N-component vector and M (t) is a ¢-
dependent operator (N XN matrix) acting in the vector
space in which a is found. The solution to (A12), with in-
itial value vector ag, is

(A12)

¢ s
a(=ao+ [, dsM(s)ag+ [, dsy [ dssM(s)M(s)ao+ - -
+ [l [ sy [T s, M(sOM(sy) - Misydag+ -+

(A13)

) s S, t
_ [H— 3 fotdsl foldsz_.. fo lds,,M(sl)M(Sz)"'M(s”) ao=Texp fodsM(s)]ao.
n=1

t
The third equality defines the symbol <Z’exp[ f 0 ds M (s)],

which must not be confused with the ordinary exponen-
tial, exp[ fo ds M (s)]. ‘
We may now write the solution to (A9) in the form

Prea(t)=exp (p(2)Yexp

i
——tH
Piaal

#tHO] . (A16)

2. Cumulants and stochasticity

Equation (A16) does not provide a closed description
for pq(t) in terms of itself only, but depends upon the
full density matrix, p(¢). The idea of “contraction of the
description” is to get a closed description. This means
that we must find a closed description for pq4(t). The

p(0) . (A14)

pO=T L [ astHy(s), 1
pity=Texp | —— ] ds[H;(s),

For arbitrary M (s), the analog of (A7) may be proved

. technique for achieving this goal is exhibited below.
! . g Define the evolution superoperator, E (t), which acts on
T —_ ds[H, (S), M p P ) ’
el f 0 (5, ] operators in the Hilbert space, by
i Ew=(T L[ as[H Al
=Texp —% fodxHI(s) ]M (t)=<‘_exp -7 fo s[H(s),"] ) (A17)
Therefore, we can write (A16) as
i t
- . (A15) : .
X Texp | [, ds Hy(s) ] prealt)=exp | — —tHo |[E(0p(0)]exp | +-tHo ] . (Al19)
The reduced density matrix is defined by From this form of p..4(?), it follows that
|
iﬁaitpred(t)=[H0,p,ed(t)]+iﬁexp ~~!ﬁ—tH0 J [ l-éa?E(t) E~Y(2)E ()p(0) |exp é—tHO] . (A19)
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It will be shown below that the superoperator combination [3/3¢E (¢)]E ~(¢) can be written

E-Y{n=G().

3
250

Using (A7) twice, and (A 18) once with (A20), permits us to rewrite (A19) as

153 proa(1) =[Ho, Jprea(t) + ifiexp —1[Ho,']

at

This is now a manifestly closed equation for the reduced
density-matrix (operator) peq(f). The first term on the
.right-hand side of (A21) is the only term present if there
is no stochastic Hamiltonian. The second term involves a
succession of three superoperators and is explicitly ¢
dependent. This ¢ dependence is the price paid in order to
achieve the contraction of the description.

When H;+0, G(t) does not vanish, and it is not ex-
pressible in the form of a simple commutator operator
(superoperator), i.e.,

exp |~ [ Ho, 1 |G (Dexp | 4t [Ho, 1| A Herlt), ]

(A22)

Therefore, (A21) is not a special case of (A2), nor is it
equivalent to (A1), with an effective Hamiltonian.
The operator cumulant expansion is expressed

———;— fotds[HI(s),‘] })

(]_‘exp

=Texp

s IR dsG"“(s)] (A23)

n=1

Explicit expressions exist for the nth operator cumulant,
G™, in terms of the moments of H;. Comparison with
|

Hi(t)= 2 Hp ()= 2 [l I4I)E(t)(11 |+ 1) Ey (044 ) +g(|3)al2 | + |2)a’(3, )1,

1=1

G (t)exp
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(A20)
Zt[Ho [preal®) (a21)
|
(A20) verifies .
c=3 6" . (A24)
n=1
The first two cumulants are
G("(t)—:(-—é[H,(t),-]) (A25)
and
t
620=— 1 [ ds([H 0, [ Hy(5),])
— [ ds 606 ) . (A26)

Equation (10) follows from these formulas.

APPENDIX B

The effect of having N molecules instead of only one
shows up in the analogs to Egs. (18) and (19)

A N
iﬁ%g=[ﬂ,(z),ﬁ1+iﬁ S Rjp+ifiDp BD)
=1

in which R; corresponds with the definitions in Egs. (13)
and (15) except that the molecular states in these equa-
tions are now for the /th molecule; and H,(¢) is given by

(B2)

where again the molecular states with subscript / are for the /th molecule. Our notation ignores factors of identity
operators for each orthogonal factor of the Hilbert space, just as we earlier discussed for Eq. (5). Thus, |3;)a{2;] is

really Hk;&, |31a(2;| X 1.
1=1,2,.

N
iy = 2 Sirda

N
1=1

LN
lﬁs;pillliziz e

This amounts to 4" diagonal equations. The photon den-
s1ty ma’mx, which for one molecule was given by
o= 2, _1Pi [Eq. (34) wherein we have already adiabati-
cally removed py,] is now given by the N-fold trace

4 4 )
=23 3 E Pt, Ligdy e iyiy

ip=1liy=1 iy=1

(B4)

The correct eigenkets contain N indices:
, N. The analogs to the diagonal equations (20) through (23) are

iy | [Hp(),0]]ii5

in|Rip|iyiy---

| iyiy---iy), where i;=1,2,3,4 for

“iy)

iN>+ihDﬁilili2iz'”iNiN . (B3)

The N-fold trace over p satisfies the N-molecule normali-
zation requirement
© 4 4
2 2 2 2 Pritisty ity =N - (B5)
n=0 =1 =

IN-—

To obtain the analogs of Egs. (20)—(25), we perform
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reductions of the density-matrix expressions such as in
Eq. (B3). This is done by tracing over molecules 2
through N. Without loss of generality, we are isolating
molecule 1 since the molecules are identical. Thus define
Pii, or Py j, bY
4 4
ﬁi,j,= 2 'ElﬁiljliziZ--.iNiN.

iy=1 iy

(B6)

This yields the reduced equations
3p 11

i or

(iy | [Hp(0,p111) +i#i | Rip 1)
+iﬁDﬁi1f18"1f1

N ,
+8,;8 X ([atﬁs,z,]*‘[a,ﬁzp,]) (B7)
=2
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in which §; ; is the Kronecker delta symbol. The first
three terms of the right-hand side coincide with Egs.
(20)—(25). The extra terms, which only contribute to di-
agonal elements, result from the noncommutativity of the
p molecular matrix element with the photon operators. It
also follows immediately from Eq. (B7) that the & defined
in Eq. (B4) satisfies

——=ihDo+g 3, ([a P32, 1+ 1a:023,]) (B8)

790 _
! ot =

Adiabatic elimination of off-diagonal elements from the
system of equations given by Egs. (B7) and (B8) will result
in the N-molecule analogs of Eqgs. (31)—(33).
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