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Theory of quenching quantum fluctuations of a laser system with a ladder-type configuration
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The theory of a laser system with a ladder-type configuration is studied in detail based on the quantum Langevin
approach. By using an external field to link the lower lasing level with another atomic level, whose decay rate
is much larger, laser intensity significantly increases and the quantum-limited linewidth can be quenched. We
also discuss the spectrum of fluctuations of the output field, and the result shows that the fluctuations at low
frequencies can be much suppressed too. On the other hand, this quenching approach can realize a laser output
between two atomic levels, whose decay rates do not satisty the usual lasing condition that the decay rate of the
lower lasing level should be larger than that of the upper lasing level. It will be very useful to realize a laser
output with the wavelength we want. This quenching approach has been widely used in the absorption spectrum
of the ytterbium optical lattice clock and in the laser cooling approach for calcium atoms. Here we apply it in the

stimulated emission of lasers.
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I. INTRODUCTION

The quantum-limited linewidth of a single-mode laser with
homogeneously broadened medium was originally derived by
Schawlow and Townes [1] as

A £ 1
VST = 5 (1)
where « is the cold-cavity loss rate and I, is the intracavity
intensity of laser light in units of photon number. However, the
result of Schawlow and Townes is only valid for a good-cavity
laser, for which the decay rate of the atomic polarization is
much larger than the cavity loss rate. Several authors [2—4]
have generalized the theory of Schawlow and Townes for
both good- and bad-cavity regimes, and the quantum-limited
linewidth of a bad-cavity laser has been experimentally
researched in Ref. [5]. In Ref. [6], the authors have investigated
the influence of the finite atom-field interaction time on the
laser linewidth with particular emphasis on the linewidth of

the active optical clock with atomic beam configuration [7].
How to exceed the quantum limit described by Eq. (1)
has played an important role in quantum optics. In every
laser the spontaneous emission, which inevitably occurs in
the gain medium, acts as a fundamental noise source due to
the random-phase diffusion process arising from the addition
of spontaneously emitted photons with random phases to the
laser field. References [8,9] show that the quantum noise can
be suppressed below the standard Schawlow-Townes limit by
preparing the atomic systems in coherent superposition of
states as in the Hanle effect and quantum beat experiments.
These lasers operating via such a phase coherence of atomic
ensemble are known as correlated spontaneous emission lasers
(CEL). An interesting aspect of CEL is that it is possible to
eliminate the spontaneous emission quantum noise in the rel-
ative linewidths by correlating the two spontaneous emission
noise events. In a two-photon CEL [10,11], a cascade transition
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involving three-level atoms is coupled to only one mode of the
radiation field. A well-defined coherence between the upper
and lower levels leads to a correlation of the light field.

There are many other schemes for quantum noise re-
duction. In Ref. [12], the authors have pointed out that
light transmitted through a resonant atomic system with
electromagnetically induced transparency displays reduced
phase-noise fluctuations. In Refs. [13-15], a scheme based
on the phase-matching effect of the nonadiabatic interaction
of two quasimonochromatic fields with A-type atoms has been
investigated, and the corresponding experimental verification
has been demonstrated in Ref. [16], in which the initial beat
linewidth of 1 MHz between two lasers can be reduced to
5kHz.

In this article we theoretically investigate a method of
quenching laser linewidth in the three-level system with a
ladder-type configuration. As shown in Refs. [17-19], using
an additional laser field to link the target level with another
level can adjust the decay rate of the target level. If we apply
this method to the three-level laser system (as shown in Fig. 1)
by linking the lower lasing level |b) with another atomic level
|c), whose decay rate is much larger, the quantum-limited
laser linewidth of the corresponding two-level laser system
(Ja) and |b)) can be exceeded. We also discuss the spectrum
of fluctuations of the output field and show that fluctuations at
low frequencies can be strongly reduced too. This quenching
approach has been applied in the ytterbium lattice-based
optical clock [20,21], in which the optical transition line
1Sy-3 Py is quenched by applying magnetic field to link levels
3Py with 3Py, and in the laser cooling approach for calcium
atoms [17-19]. On the other hand, this quenching method can
also realize a laser output between two levels whose decay
rates do not satisfy the usual lasing condition, which requires
that the decay rate of the lower lasing level should be larger
than that of the upper lasing level (e.g., y» + ¥, > ¥, shown
in Fig. 1). It will be very useful for us to obtain a laser output
with the wavelength we want.

Our investigation is completely based on the standard
quantum Langevin approach [22-25]. In Sec. II, we establish
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FIG. 1. (Color online) Relevant atomic levels. The inserted
picture shows the scheme of a general laser system. Atoms with
the ladder-type configuration fly into the single-mode cavity. The two
lasing levels are |a) and |b). The pumping rate of the upper lasing
level is R, and the coupling strength of the lower lasing level with
another level |c) is gp.

the basic Heisenberg-Langevin equations for the single-atom
and macroscopic atomic variables and convert the quantum
Langevin equations into c-number stochastic differential
equations. In Sec. III, we discuss the steady-state solution.
In Sec. IV, we discuss the non-Markovian behavior of phase
fluctuations and the laser linewidth, and we use the helium-
neon (He-Ne) laser as an example to specifically discuss
this quenching method. We also calculate the spectrum of
fluctuations of field outside the cavity, and we investigate
the influence of fluctuations of the quenching field on the
laser linewidth. Finally, our conclusion is summarized in
Sec. V. All the diffusion coefficients for the single- and
macroscopic atomic Langevin noise operators and for the
c-number Langevin noise variables are listed in the Appendix.

II. QUANTUM LANGEVIN EQUATIONS
A. Physical model

In the two-level laser system, the quantum-limited laser
linewidth is given by [4]

2 2N
D= ( Yab > 8 ao ’ (2)
Yab + K LoYab

where N, is the steady-state value of the upper lasing level,
Vap 18 the damping rate of atomic polarization, « is the loss
rate of the cavity, g is the atom-cavity coupling constant, and
1, is the photon number inside the cavity. Here we have used
the same symbols as in Ref. [4]. From Eq. (2) one can see
that for a given system, the quantum-limited laser linewidth is
determined by the efficiency of atoms on the upper lasing level
to produce the coherent photons, 1,/N,,. If this efficiency is
improved under the same pumping rate, the quantum-limited
laser linewidth can be quenched. This can be realized by
applying the similar approaches of Refs. [17-21], in which
the decay rate of a certain level can be adjusted by linking it
with another level.

Here we consider the laser system shown in Fig. 1. Atoms
with a ladder-type structure fly into a single-mode cavity. The
cross section of the laser beam is so wide (or the speed of
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the atom is so slow) that the atom-field interaction time is
determined by the lifetime of atomic levels, not the atomic
transit time. In this case, one need not consider the influence
of finite atom-field interaction time on laser linewidth [13].
Additionally, since the direction of atomic movement is
perpendicular to the transmission direction of the laser field, it
is unnecessary to consider the Doppler effect. Thus, what we
consider here is a homogeneously broadened laser system. The
laser transition is |a) <> |b), which is coupled with the cavity
mode with detuning A = w; — wyp (w0 is the frequency of
cavity mode and w,; is the frequency of atomic transition
la) <> |b)). The atom-cavity coupling constant g4 is given by

1
= P — a dﬂ E)
g4 =,/ Zhe,,a)LVw b1das|

where |d,p| is the magnitude of the atomic dipole moment
corresponding to transition |a) <> |b). The lower lasing level
|b) is coupled with another level |c¢) (which is not the atomic
ground state) by an external field (laser field or magnetic field)
with the coupling strength gp. Before entering the cavity, all
atoms are pumped onto the upper lasing state |a). y,, v,
and y, are the decay rates of atoms on levels |a, b, c) to
other levels; y, and y;, are the spontaneous decay rates of
the transitions |a) <> |b) and |b) <> |c); and ', ', and T'p
are the damping rates of atomic polarizations, which obey the
inequalities 2I'4 = va + ¥, + ¥ + ¥, 2l 2 Vo + v + Voo
and 2T'p > y, + ¥, + V.. Here we do not need to consider
the decay rate of the transition |a) <> |c¢) since for usual laser
systems it is forbidden to transition between |a) and |c).

As one knows, for a certain number of atoms on the upper
lasing level, a larger decay rate of the lower lasing level can
improve the efficiency of atoms to produce coherent photons.
In this case, the link between levels |b) and |c) is very important
here. Besides the spontaneous emission, atoms on state |b) can
also transit to state |c¢) via the stimulated emission transition,
for which atoms can be quickly reduced from state |b), and
consequently the photon number will increase under the same
pumping rate, especially if the damping rate of level |c) is much
larger than that of |b). Therefore, the external field used to link
|b) and |c) plays a major role in two terms: to introduce the
stimulated emission transition from |b) to |c¢), and to increase
the effective decay rate of level |b) (as shown in Ref. [26]).

Here we should note that laser systems with a ladder-type
configuration like that shown in Fig. 1 can be widely found
in nature, for example, He-Ne lasers, CO, lasers, and argon
lasers. In this case, the physical model considered here is quite
a universal system.

B. Quantum Langevin equations for fields interacting
with single atom

In the interaction picture with the rotating wave approxi-
mation, the Hamiltonian of the laser system shown in Fig. 1 is
given by

H =nga Z@(r - tj)(aTo';i iary aﬂae‘im)
J

+1Y 00 —1))(g507 + 8507). 3)

J

023818-2



THEORY OF QUENCHING QUANTUM FLUCTUATIONS OF A ...

Here a' and a are the creation and annihilation operators for the
electromagnetic field. o} and o are the atomic polarization
operators (|b){a|); and (|c)(b]); for the jth atom. 6(¢) is the
unit step function [6(r) =1 for t > 0, 6(¢) = 1/2 for t =0,
and 6(t) = 0 for ¢t < 0]. The cavity loss and atomic decay
are modeled in the standard way by coupling the radiation
field and each atom to heat reservoirs. From this interaction
Hamiltonian, one can find the following quantum Langevin
equations of field and atomic operators,

a(t) = —(k/2)a(t) —igay 0t —t))ox()e'™ + F, (1), (4)
J

Gda(t) = —(Va + ¥)OL,(1) — i0(t — 1})ga
x [ (Dae ™ — al (o™ ] + fila), (5)
() = — (Vo + VDO(1) + VaOida(t) +i0(t — 1))ga
x [0 (Da)e ™ — al(t)o ] (1)e'™ ]
—i0(t — 1))[g503 (1) — g5opD] + (0. (6)
GL() = .o (1) + yyoiy (1) + 0 — 1))
x [gsoh (1) — ghop O]+ fLO). (D)
&1(1) = —Tacj(0) +i0(t — 1))ga[02,(t) — 0,(1)]
xa()e ™ +i0(t — t))ghol () + £i().  (8)
G3(t) = —Tpap(t) +i6(t — t))gp[o,(t) — 01.(1)]
—i0(t — 1p)gad (O™ + f40), (9
6)(t) = —Toop(t) +i0(t — t))gpoy(t)

—i0(t —t))gaop®at)e™ ™ + fL@), (10
where the single-atom operators for the jth atom are
defined as oo = (la)(al)’, o, = (Ib)(b), ol = (Ic){c]),
op = (eMaly, ofl = (a)(®lY, of = (b)(c])’, and o} =

(la){(c|)/. Above Heisenberg-Langevin equations have the
same structure,

X(t) = A1)+ fx(0), (1)

where A, (?) is the deterministic part of the equation and f(¢)
is the quantum noise operator. The noise operators for the
single-atom variables are §-correlated in time,

(i) fl@h) = dx, y)8i;8 — 1), (12)

where d(x, y) is the diffusion coefficient. §;; makes only
correlations between noise operators corresponding to the
same atom be nonzero. Using the generalized dissipation-
fluctuation theorem,

d(x, y) = —(xAy) — (Axy) + %(xy), (13)
one can calculate the diffusion coefficients. The nonvanishing
terms are listed in the Appendix. Here we should denote that it
is unnecessary to consider the influence of noise fluctuations
of the external field, which is used to link state |b) with state
|c). Since the noise of the external field can be controlled much
lower than that of the atomic polarization o, one can ignore
its influence. More discussion can be found in Sec. IV C.
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C. Quantum Langevin equations for fields interacting
with macroscopic atoms

The macroscopic atomic operators can be defined by adding
up all the individual atomic operators and taking into account
the corresponding injection times into the cavity. Then, we
have

Naa(t) =) 0(t — tj)o (1), (14)
J
Nop() = D 600 = 1)0(0), (15)
Neo(t) = 2139(; — 1))ol (1), (16)
J
My(t) = =i ) _0(t —t))ox (1), (17)
j
Mp(t) = —i Y _ 0t — t))oh(). (18)
j
Mo(t) =) _0(t —t))a}1). (19)
J

The additional factor (—i) is introduced for mathematical
convenience. Operators M4(t), Mpg(t), and M (t) represent
the macroscopic atomic polarizations, and N,,(t), Npp(t),
and N,.(t) represent the macroscopic populations of levels
la, b, c), respectively. With the aforementioned definitions
and Egs. (4)—(10), quantum Langevin equations for the
electromagnetic field and macroscopic atomic operators can
be expressed as

at) = —(k/2)a(t) + gaMa()e'™ + F, (1), (20)

Naa®) = R — (Va + Y))Naa(t) — gal M}y (Da(t)e ™1
+al(OM4(0)e™ ] + Fou(t), 1)

Niup(t) = = + VNt + VaNaa(?)

+ gal M (Da®e ™ + al () Ma()e' ]

—LgaMy(t) + gy Mp(D)] + Fp(1), (22)
Nee(t) = —YeNee(t) + v Npp (1)

+lgsMy(t) + g*Mp(D] + Fee(r),  (23)

Mu(t) = =T aMa(t) + ga[Naa(t) — Npp(t)]a(t)e 4!

+8xMo(t) + Fa(?), (24)
Mg(t) = =T Mp(t) + gp[Npp(t) — Neo(t)]
— gad (Mo (1)e'™ + Fy(1), (25)
Mo(t) = —ToMo(t) + gaMgp(t)a(t)e ' *!
—8sMa(1) + Fo(1), (26)

where the total noise operators for the macroscopic atomic
operators are given by

Faalt) = Y 80t — 1))0l,(t) + Y 0t — ) f,(5) — R,
J j

@7)
Fop(t) =) 8(t — tp)op,(6) + Y00t — 1)) f2,(6),  (28)
J J
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Feet) =) 80t — t)ol(t)) + Y0t — 1) L6, (29)
J j

Fa(t)y=—i Yy _8(t —t))oi(t) —i Y 0t — 1)) f1(0),
J J
(30)

Fp(t) = —i Za(r —1)oft)) — i ZO(I — 1) [,
J J

31)
Fo(t) =Y 8t —t)of(t))+ Y 0 —t)f1).  (32)
J J

and the average of each macroscopic noise operator is zero.
In deriving these macroscopic noise operators, we have
used

+00

Ot —1))s = R/ dt;8(t —t;) = R, (33)

—00

where R is the mean pumping rate and (- - -)g denotes the
classical average over the injection times and the fact that each
atom was on the upper lasing state |a) at its injection time. The
correlation function between two quantum Langevin forces
F,(t) and Fg() can be expressed as

(Fo(t)Fp(t)) = D(a, B)S(t — 1), (34)

where the diffusion coefficients D(w, 8) are listed in
Appendix.

D. Equivalent c-number stochastic Langevin equations
for a normally ordered product of operators

Now we derive the stochastic c-number Langevin equa-
tions, which are equivalent to the quantum Langevin equations.
For this we should choose some particular ordering for
products of atomic and field operators, because the c-number
variables commute with each other while the operators do
not. Here we choose the normal ordering of atomic and
field operators, that is, a'(t), M} (1), My(t), Mg(t), Naa(1),
Npp(t), Ngo(t), Mo(t), Mp(t), Ms(t), a(t). The stochastic
c-number variables corresponding to the operators a(t), M 4(¢),
Mpg(t), Mo(t), Nao(t), Npp(t), and N,.(¢t) are denoted by
A1), My(1), Mp(t), Mo(t), Naa(®), Nup(t), and Neo(1),
respectively. Equations (20)—(26) are already written in normal
order and one can directly obtain the equations for the
corresponding c-number variables. Here we do not list them.
The stochastic c-number Langevin forces of the corresponding
quantum noise operators are denoted by F,(¢) with u =y,
aa, bb, cc, A, B, and O, and we have the properties
(Fu(®)) = 0and (F,(t)F,(t")) = D,,6(t —t'). The c-number
diffusion coefficients D,, can be obtained from the quantum
diffusion coefficients by transforming the expressions in the
fluctuation-dissipation theorem of Eq. (13) into the normally
ordered operator products. If the operator product Xy is
normally ordered, its expectation value is equal to the expec-
tation value of the corresponding c-number product. Hence
we have

d d

q W9 =g, ) (35)
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Using again the generalized dissipation-fluctuation theorem,
we find that

D,y = Dy, + (£A,) + (A, ) — (xA,) — (A,y).  (36)

Thus one could derive the c-number diffusion coefficients, and
all the nonvanishing ones are listed in the Appendix.

III. STEADY-STATE SOLUTION

The steady-state solution for the mean values of the field and
atomic variables can be obtained from the c-number dynamic
equations. These solutions are denoted by the subscript
“o0”. Here, for the sake of simplicity, we only consider the
resonant case A = 0. In this case, the steady-state value of
the field amplitude can be expressed as .4, = Z%M Ao» Which
denotes that the field is completely determined by the atomic
polarization M 4,. As we know, the optical phase is randomly
distributed between 0 and 27 in the stationary state. Therefore,
we can choose the arbitrary mean value of the optical phase
to be zero, which is quite convenient since then both field A,
and polarization M 4, become real, and further g, Mp,, and
M, are also real. The photon number inside the cavity is
given by I, = A2.

A. Special case gg =0

In the special case, gg = 0, we have populations of levels
la, b, c),

FAK
Nogo = ————— |:R + (v + )//)—] , @D
Yat+ v+ Vi ""282
1 FAK
Nopop = ——— ( - V;—> , (38)
Yo+ Vo + v, 283
1 r
Neg=22—— ( - yJ%C) . (9)
Ye Va+yb+)/b 2gA

and the photon number I, is given by
I, = Is(R/Rtu — 1), (40)
where Iy is the saturation intensity,

Ya+ Ve Taly+vp)
Iy = — , —2, (41)
Yot Vot 284

and Ry is the threshold pumping rate,

’ / F /
Roy = — +/Va AK(Vb2+ Ys) 42)
Yo+ V¥, —VYa ZgA

From (38) and (42) one can derive the necessary conditions

for laser oscillation: y, + ¥, > y, and R > yégg% From (37)-
A
(39) we have the relationship
ya//\/aao + Vb/Nbbo + J/L‘A[CCO = R7 (43)

which denotes that the loss rate of the atomic population is
equal to the pumping rate. When R > Rty and I, > I,
the populations of upper and lower lasing levels approach
each other and the inversion goes to zero, corresponding to
saturation.
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B. General case

For the general case, gg # 0O, the steady-state values of
atomic variables can be expressed in terms of the yet unknown
photon number 1,

R—«l,
/\/uao = 0
ya + ya
’71(J/c + 2FOC)
W+ vp)ve + vy + ve)2l0C
(M2 — C)ye + m2l'pC .
o+ Vp)ve + vy + ¥)2T 0 C
_ m (vp + 2T C)
Vo + ¥))Ve + (V) + v)2T o C
yC 4+ (v + 26 C) .
W +vp)ve + vy +ve)2loC (46)

and the photon number inside the cavity I, can be obtained
from the following equation

(44)

Nbbo =

0

(45)

A/CC()

0

C Ty Tola+ g3
~ _-/V;mo_l_CNo_C-/\[cco:—
> + L L ( WNbb ] 2221,
47
where the dimensionless parameter,
2
c=—128 (48)

glo + 831,

is also related to /,,, and

’

n = Ya N = _)/a
Yo+ V)

T Vet v,

From Egs. (44)—(47), one can numerically calculate N,

Nibos Neeo, and I, (or A,), and further obtain M ,,, Mp,,

and M g, In the linear approximation 'gI"p > gf‘ 1,,Eq. (47)

can be expressed in the same form as Eq. (40), of which the
photon number I, is proportional to the pumping rate R.

For simplicity, we introduce the dimensionless parameters

a=vy/k, d=vy)/k, b=y/k, b=y/k, c=y/k,

A=Ta/k, B=T3g/k, O=To/k, g=ga/k.

In Fig. 2, we show the dependence of the photon number I,
on the pumping rate R and the coupling strength gp calculated

100

10
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from Eqgs. (44)—(47). The boundary of the contour lines in
Fig. 2(a) gives the laser threshold, and photon number I, as
a function of gp under different pumping rates R is shown
in Fig. 2(b). One can see that for a certain pumping rate R
photon number [, increases for suitable gp and decreases
for larger gp. This is because under suitable gp the atomic
population of level |b) can be reduced via the stimulated
emission transition to level |c), and since the decay rate of
level |c) is larger than that of |b) (¢ > b + b'), atoms on state
|b) can be further decreased. However, for larger gp, we are
left with Ay, < Neeo and the stimulated absorption transition
from |c) to level |b) plays a major role, which can suppress the
stimulated emission transition from |a) to level |b). All these
can be found in Fig. 2(c), which shows the atomic populations
of levels |a, b, c) as functions of gg under a certain pumping
rate R. One can see that Ny, is larger than N, for small g,
and as a result atoms on level |b) can transit to level |c) via
the stimulated emission with transition rate g and the photon
number /, increases. The population of level |a) also decreases
for small gg. However, for much larger g, the populations of
levels |b) and |c) approach each other and atoms accumulate on
the upper lasing level |a). In this case, laser output is quenched.
Equation (44) gives the opposite changing trend between N,
and /,.

There are two ways to reduce the atoms on state |b): (i) go
back to the ground state via state |c) for small gg; (i) stimulate
absorption of laser photons and transition back to state |a) for
large gp. The former process will enlarge the laser field, while
the latter reduces the laser photons inside the cavity. From the
steady-state equation of M,

1
MOo = F_ (gAAoMBo - gBMAo) ) (49)
o

one can see that My, is negative for larger gp, while it
is positive for small gg. My, can strongly influence the
polarizations of M, and Mp,. Positive M, will enhance
M 4,, increase the coherence between two lasing levels, and
enlarge the photon number /,, while negative M ¢, can reduce
the photon number.

C. Laser with y, + y, <y
As concluded in Sec. III A, the lasing condition for the
case of gg =0, is given by y, + ¥, > v,. However, it is
unnecessary for the case of gg # 0. As we have pointed out

I (x10%)

0 2500 5000 7500 10000
R/x

FIG. 2. (Color online) Dependence of photon number /, on pumping rate R and coupling strength gp. (a) The contour lines of photon
number /,. (b) I, as a function of g under different pumping rates R [R/k = 2.5 x 107 for the green line (bottom line); 5 x 10° for the red line
(second line from the bottom); 7.5 x 10* for the blue line (third line from the bottom); 10* for the black line (top line)]. (c) Atomic populations
on difference levels with pumping rate R/x = 5000. N,,,, top line; N, second line from the top; N, bottom line. For all curves a = 5,

a=5b=10,0'=10,g=0.5¢=50,A =17, B=40,and O = 30.
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FIG. 3. (Color online) Dependence of photon number I, on
pumping rate R and coupling strength g5 for the case of y, + y, <
Y. With a=20,a' =0,b=5,b' =5, g=0.5 ¢c=50, A=230,
B =40, and O = 50.

previously, the coupling strength gg can change the decay rate
of lower lasing state |b). The laser field can be produced if we
use an external field to link states |») and |c) with a suitable
strength g, despite y, + ¥, < V.. In this case, this quenching
method is an effective way to realize a laser generation with
the wavelength we want, since for a certain atomic transition
line the common lasing condition y;, + y, > y, may not be
satisfied.

Figure 3 displays the dependence of photon number /, on
pumping rate R and coupling strength gz, and the boundary
of the contour lines gives the laser threshold. One can see that,
due to the coupling between |b) and |c), laser output can be
realized for nonzero g g, although the common lasing condition
(¥» + v, > va) is not satisfied.

Here we have discussed the steady-state solutions of the
laser system. Next, we investigate the evolution of the quantum
fluctuations around the steady-state solutions.

5Y (w) =

84 8488 Ao Fp(w) — Fi(—o)] + g8 () [Fo(w) — Fiy(—w)] + O()[Fa(w) — Fi(—w)]
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IV. QUANTUM FLUCTUATIONS OF THE LASER FIELD
AROUND STEADY STATE

To investigate the small fluctuations of the laser field and
atomic variables around steady states we consider all the
variables, as usual, as the sum of the steady-state solution
and a small fluctuating term. For example, for A, (1) we
set Noo(t) = Nygo + 8N,a(t) and in the same way for the
other variables. Based on Egs. (20)—(26), one can obtain a
set of linear equations. Here, we have expressed the dynamic
variables as a sum of the steady-state values and small
fluctuations. It should be assumed that the laser is operating
sufficiently above threshold so that the fluctuations of dynamic
variables are much smaller than their steady-state values. Next,
we take the Fourier transform of all variables and convert the
differential equations into algebraic equations, for example,

SNya(w) = dtS N (t)e'™".

1 +oo
V2 /_oo
In order not to overcharge the notation, we adopt the same
symbol for both members of a Fourier-transform pair, which
will therefore get distinguished through the time or frequency
argument. We may set F,, (t) = 0 since the mean value and the
correlation functions of this force with all the other variables,
as well as the autocorrelation function, are zero. Here, for
simplicity, we do not list the linear equations for the Fourier
amplitudes. The Fourier-transformed fluctuation forces satisfy
the equation

(Fa(@)Fp(@)) = 2Dypd(w + o). (50)

The solution of this linear system is straightforward.
The field phase quadrature component of field fluctu-
ations inside the cavity, which is defined as §Y(w) =
% [ A(w) — § A*(—w)], can be expressed as

(D

with the following shorthand,

Alw) = ®(a))(~/\/aao - Nbbo) + gAgBAOMOO
+ g8 Mol 5(w), (52)
O() = Fo(@)p(@) + g3 A2, (53)
and f‘A,B,O(a)) = (I's,p,0 —iw). From Eq. (51) one can see
that the field phase fluctuation comes from all the noises of

atomic polarizations F4(¢), Fp(t), and Fp(z). In the special
case gg = 0, we obtain

F, - Fi(—
o
2i (k/2 — i) A(@) — g3 (Naao — Nibo)
which is the same as the result of the two-level laser system [4].
The field phase fluctuation completely comes from the noise
of atomic polarizations F4(z).

2i (/2 — i) [[A@)O@) + g3T ()] — g2 Aw)

A. Laser linewidth

The quantum-limited laser linewidth is also called the
intrinsic or natural linewidth, which originates from the
quantum fluctuations of field around its mean value. The usual
treatment rests on the approximation that linewidth arises from
fluctuations of the field phase described by phase diffusion.
The autocorrelation function of phase quadratures is § function

correlated,
(8Y (0)8Y (0)) = (8%Y)pd(w + ). (55)

For a small fluctuation of the field phase, the spectrum of
phase fluctuations is simply related to the spectrum of the
phase quadrature component of field fluctuations, namely,

1
2 —
(6970 = 2

Based on Eq. (56) one can directly calculate the cor-
relation function of the time derivative of field phase

Y%, (56)
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fluctuation:

. c Ny L e —iw(t—t"), 2 2
(8p(t)sp(1) = o dwe 0 (8¢ 0. (57

When |t — /| is much shorter than all the other char-
acteristic times of the laser system, this expression
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becomes
(8@p(1)8¢(t")) = D8(t — 1), (58)

which corresponds to a Markovian time evolution for the field
phase, and D gives the laser linewidth [27]. From Eq. (51), we
obtain

83851, s Nopo + [83T%T0 4+ O = 0T 4 |Naao + 8584 AT 5T AM a0 + 4 A0 O(w = O 4 Mo,

X

K K K 2,
{§(TpTo + Talg + TaT0) + Tul'sTo + (5 + Ta)g3 L + (5 + T)g% — 83[(To + T'e)Naao — Niwo) + 88 Mpol}

which is unrelated to the pumping statistics.

1. Special case: gg =0

In this special case, laser linewidth can be simplified as

D= LY D (60)
“\Taxe2 ST,

where Dgr is the usual Schawlow-Townes diffusion coefficient

[22]

2
gA-A/aao
Dgt = 22— 61
ST 1T, (61)

This expression coincides with the one given in Refs. [2,3].
If the atomic polarization decay rate is much faster than
the cavity loss rate, that is, 'y > «/2, the additional factor
[Ta/(Ta+ /</2)]2 is close to unity and we are left with
the usual Schawlow-Townes diffusion coefficient. But in the
opposite case, 'y < x/2, we have D < Dgr. Figure 4 shows
the dependence of laser linewidth D on the pumping rate R.
One can see that laser linewidth decreases with increasing R
(actually, increasing the photon number 1,,).

10

(D/x)x10°
=y D (-]

N

5000 7500

R/«

0 .
0 2500 10000

FIG. 4. (Color online) Dependence of laser linewidth D on
pumping rate R in the special case g = 0 with the same parameters
as in Fig. 2.

(59)

2. General case: gg # 0

In Fig. 5, we show the dependence of laser linewidth D on
the pumping rate R and coupling strength gz. As shown in
Fig. 5(a), laser linewidth close to threshold is much larger than
that far away from threshold. Thus, increasing the pumping
rate R (in fact increasing the photon number /,) can reduce
the laser linewidth, but what we are mostly concerned about is
the influence of the coupling strength g on the laser linewidth
D under a certain pumping rate R. As shown in Fig. 5(b),
laser linewidth D decreases for suitable gg and increases for
larger g5.

Generally, laser linewidth D is inversely proportional to the
efficiency of atoms on the upper lasing level to produce the
coherent photons, 1,/N,. As shown in Fig. 2(c), for lower
coupling strength g, we have Ny, > MNo.,, and the stimulated
emission transition from |b) to |c) plays a major role in the
atom-field interaction. In this case, besides the spontaneous
emission the atomic population of level |b) can be reduced via
the stimulated emission transition from |b) to |c). On the other
hand, for the nonzero g, atoms will be on a superposition state
of |b) and |c), whose damping rate can be adjusted by turning
the coupling strength gg. If y. > y, + y,, the decay rate of
atoms on the lower lasing level can be enhanced. Thus, the
atomic population of level |a) can be further decreased via the
stimulated emission transition from |a) to |b) and the photon
number can greatly increase. For both reasons, the efficiency of
atoms on the upper lasing level in producing photons 1, /N4,
can increase under the same pumping rate R, and the laser
linewidth can be quenched, as shown in Fig. 5(b). However,
with a further increase in the coupling strength gg, we have
Nipo < Neco, and the stimulated absorption transition from |c)
to |b) plays a major role in the atom-field interaction, which
can suppress the stimulated emission from |a) to |b). Atoms
will accumulate on level |a), and the intensity of the laser field
will decrease to zero, which reduces the efficiency of atoms
to produce coherent photons. Therefore, the laser linewidth
reaches a minimum and then increases again.

As we have said before, the positive M, denotes that
atoms on level |b) can be reduced via the stimulated emission
transition from |b) to |c), while the negative My, denotes that
atoms on level |b) can be reduced by the stimulated absorption
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FIG. 5. (Color online) Dependence of laser linewidth D on pumping rate R and coupling strength g5. (a) The contour lines of laser linewidth
D. (b) D as a function of gz under different pumping rates R [R/k = 2.5 x 10? for the green line (top line); 5 x 10? for the red line (second
line from the top); 7.5 x 10° for the blue line (third line from the top); 10* for the black solid line (bottom line)]. All parameters are the same

as in Fig. 2.

transition (absorb the laser photons inside the cavity) from |b)
to |a). From Eq. (49) one can see that for the small photon
number [, (corresponding small pumping rate R), M, can
easily change from the positive value to the negative one
by the lower coupling strength gp. Thus, the laser linewidth
cannot be much quenched, such as the green line (top line) in
Fig. 5(b). However, for the larger photon number /, (corre-
sponding large pumping rate R), M, is still positive under
the larger coupling strength g, and the laser linewidth can be
much quenched. Therefore, increasing the pumping rate R is
a good way to quench the laser linewidth.

3. Example: Helium-neon laser

Here we take a helium-neon (He-Ne) laser as an example
to show the approach of quenching laser linewidth. Figure 6
displays the level configuration of a He-Ne laser expressed in
Paschen notation. Although a He-Ne laser usually operators
with inhomogeneous broadening, one can always use some
methods (e.g., the external-cavity feedback induced by an
external optical grating) to realize the homogeneous output.
Thus, we only consider the homogeneously broadened case.

A
21 % Atomic Ne atom
218 collisions 3g 23.39um
S =0T, ) I
20 ¢ 933
e I
&
5 191  He atom
=
| Spontaneous
s 4 Pumping 1s _ - emission
1 S
. I Collisions with
\r |
v

the tube wall 'S,

FIG. 6. (Color online) The level configuration of a He-Ne laser
expressed in Paschen notation.

Atomic pumping can be realized by the energy transfer from
He atoms to Ne atoms. We only consider the laser transition
line 2s,-2 p4 (wavelength 1152.3 nm) of the Ne atom with the
upper lasing level 25, (v, = 27 x 1.65MHz, y, > y,)and the
lower state 2p4 (y, = 2 x 13.27MHz, y, 3> ;) [28]. Atoms
on the lower lasing state can transit to state 1s, via spontaneous
emission transition. Level 1s, is a metastable state and must
be destroyed by the collisions with the discharge tube walls.
Therefore, the damping rate of state 1s; (y.) can be larger than
¥p (here we assume y, & 10y,) and atoms on state 1s, can
quickly go back to the ground state 'S,. The typical cavity
length (L) and laser diameter are about 20 cm and 4 mm,
respectively. It is easy to obtain the atom-photon coupling
strength g4 = 27w x 4.5kHz. The intensity reflectivity of the
output cavity mirror is about 99%. In this case, the loss rate
of photons inside the optical resonator is about x = 27w X
24 MHz. The relaxation rates for the polarization between two
lasing states Iy is much larger than that for the population
inversion [4]. Here we assume 'y = 27w x 75 MHz and the
other two relaxation rates, ' =27 x 90 MHz and 'y =
27 x 80 MHz. Additionally, we use an external laser field to
couple the atomic transition 2 p4-1s, with the coupling strength
g8, as in the same method discussed previously. In this case
the quantum-limited laser linewidth can be quenched.

Figure 7 displays the dependence of intensity and linewidth
of a He-Ne laser on the coupling strength gg. All curves
are calculated based on the laser transition line 2s,-2p4. For
suitable gp, the laser intensity can be strongly enhanced (from
10.5 to 16 mW with R = 10'® s~!) with the laser linewidth
decreasing (from 6.4 to 1.6 rad/s with R = 10'6 s™!). If we
further increase the pumping rate R, the laser linewidth can
be strongly reduced (from 4 to 0.1 rad/s with a factor of 40 as
shown in Fig. 7).

We have shown that the quantum-limited linewidth of a
two-level laser system can be quenched by linking the lower
lasing level |b) with another level |c), whose decay rate is
much larger than that of |b). Next, we consider the spectrum
of amplitude fluctuations of the output field.

B. Spectrum of the output field

We have discussed the laser field inside the cavity. More-
over, one is interested in the output field. The relation between
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FIG. 7. (Color online) Dependence of intensity (a) and linewidth (b, ¢) of a He-Ne laser on the coupling strength gz with different pumping

rates R.

fields inside and outside the cavity has been established in
Refs. [29-32]. Now we investigate the spectrum of fluctuations
for the field transmitted through the cavity port. From Ref. [4],
the spectrum of the output field can be expressed as

Va(w) =1+ 4c(8X?),, (62)

where (8§X?),, is the spectrum of the amplitude quadrature
component and can be derived from the autocorrelation
function of the amplitude quadrature,

(X ()8 X()) = 6X?)u8(w + o), (63)
where the amplitude quadrature is defined as
3X(w) = %[(SA(w) + A" (w)]. (64)

The first term on the right-hand side of Eq. (62) corresponds
to the shot-noise contribution. For a coherent state, we have
V4 = 1. Therefore, V4 < 1 means squeezing in a quadrature
component, and V4(w) = 0 denotes the complete squeezing at
some frequency w [33]. Actually, this spectrum defined in this
way corresponds to the normalized photocurrent obtained in
a homodyne measurement of the field quadrature component.
Since the expression of V4 (w) is very complicated, we do not
list it here and only show the consequences.

Figure 8 displays the spectrum of amplitude fluctuations
for different statistical parameters p and coupling strength g3,
for operation far above threshold. As shown in Fig. 8(a), for
gp = 0 amplitude noise at low frequencies is reduced with
increasing parameter p, and for a regular statistics p = 1 we
obtain the limited noise reduction. The influence of coupling
strength gp on the spectrum of amplitude fluctuations for
p = 1 has been shown in Fig. 8(b). One can see that the limited
noise reduction for p = 1 and gg = 0 is much exceeded with

1.2
10}
3 L

< .

> 08F.-" , - --p=0.31

Y —=p=10

0.6 b2 1 N 1 N 1 N 1 P

0 1 2 3 4 5

olx

suitable gp # 0 since the efficiency of atoms on the upper
lasing level in producing photons increases for suitable gp.
However, for larger gp, noise reduction at low frequencies
increases again because of the saturation of |b) and |c).

C. Quantum fluctuations of the quenching field

In Sec. II, we ignore the influence of fluctuation of the
quenching field on the laser field and assume the coupling
strength gp is constant in the case where the linewidth of the
quenching field is smaller than the relaxation rate between
levels |b) and |c). In this section, we discuss in detail the
influence of fluctuation of the quenching field. Our present
goal is to make sure that not too much effect is introduced into
the laser linewidth when the two lower levels are linked by a
fluctuation laser field.

As an admitted model [34] we elevate the Rabi frequency
(coupling strength) gp to an operator,

8 =285+ G@), (65)

where g is a stationary real classical amplitude as before and
G(¢) is a noise operator with the properties

TV — Tre\\ — FG ’
[G@), G'@)] = (GG'(1)) = 730 —1),

(66)
(G@t)) = (G'(1)) = (G'()G(")) = 0.

Here, the effective bandwith I'; denotes the linewidth of the
quenching field. Thus, the quenching field is treated not as
a dynamical variable but as an externally imposed quantity
with prescribed quantum statistics. Inserting the operator gp
into Eqgs. (22)—(26), we get the new terms in the evolution

—-=-g,/x=30 {1
-+ g, /x=65 ]

n n 1 n n
0 1 2 3 4 5

olx

FIG. 8. (Color online) Spectrum of amplitude fluctuations with pumping rate R/k = 10*. (a) For different statistical parameters p with
gp = 0. (b) For different coupling strength gz with p = 1. All the other parameters are the same as in Fig. 2.
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equations of atomic variables:

[Nop(D]aa = —[GOM(1) + GT ()M (1)), (67)

[Nee(®)]aa = [GOM (1) + GT (1) Mp(1)], (68)
[Ma()]aa = G' ()Mo (1), (69)
[M(t)]aa = G(t) [Npp(t) — Nee(0)], (70)
[Mo(t)]aa = —G(t)Ma(1). (71)

Following the same calculating approach, one obtains an
expression similar to Eq. (51) for the laser field phase
quadrature §Y (), but an additional term,

21
W(w) = |:gAgB-A0 (Nbbo - M‘co) + 8B %MAU - ®(w)
0]

x (Moo + IE—BMAD)} [Q(w) = g*(—w)} (72)
0]

is presented in the numerator. Here we have used the symbol
G(w) to denote the c-number frequency variable corresponding
to the noise operator G(z).

Since the correlation functions of YW(w) with all the other
noise operators F4 5 o (') are zero, the additional term, which
comes from the fluctuations of the quenching field and appears
in the numerator of Eq. (59), is only (W(0)W(@')),—0. By
using Egs. (49) and (53) we have

W(@W(@)) w0 =0, (73)

which is to say that the fluctuations of the quenching field do
not influence the laser linewidth. It can be easily understood
since the laser linewidth defined by Eq. (58) is the quantum-
limited linewidth, which is also called the intrinsic linewidth
and is certainly completely determined by the atomic system,
not the fluctuations of external fields. This is also why the laser
linewidth is unrelated to the pumping statistics, as discussed
in Ref. [4]. However, that is not to say that the fluctuations of
external fields do not influence the phase-noise spectrum of the
laser field. One can see that the quantum-limited linewidth is
defined around the lower frequency region of the phase-noise
spectrum of the laser field. The fluctuations of external fields
caninfluence the higher frequency region of a laser phase-noise
spectrum, but not the lower frequency region. However, in
the case of I'¢ < I'p, one can still ignore the influence of
fluctuations of the quenching field.

From Eq. (51) of the field phase quadrature §Y(w), one
can obtain the noise contribution from the damping relaxation
between levels |b) and |c) as

V(w) = gagpAolFp(w) — Fp(—w)], (74)

and the contribution to the phase-noise spectrum of the laser
field can be expressed as

(V(@)V(@)) = Dy(0)$(@ + o), (75)

where Dy(w) is the corresponding diffusion coefficient. The
contribution to laser phase-noise spectrum from the fluctua-
tions of quenching field is given by

W(@W(@) = Dw(@)s(w + o), (76)

where D,y is the corresponding diffusion coefficient. Figure 9
displays Dy and Dyy as a function of noise frequency w with
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10 10
D, (®)/10™,D,(w)/10

FIG. 9. (Color online) The diffusion coefficients of Dy(w) and
Dyy(w) as a function of noise frequency w with gz /k = 30and R /k =
10*. All the other parameters are the same as in Fig. 2.

gp/k =30 and R/k = 10*. One can see that in the case of
I'c < I'p, the influence of fluctuation of the quenching field is
much smaller than that of the intrinsic damping relaxation of
the atomic polarization between levels |b) and |c). Therefore,
one can always ignore the influence of fluctuations of the
quenching field if T'¢ < I'p, which is also suitable to the
amplitude noise spectrum of the laser field, and we do not need
any other conditions, such as I'¢ < T'4.0, '¢ < Vs, ya’.h, or
even that I'; should be smaller than the laser linewidth D, since
' is the largest intrinsic relaxation rate in a laser system.

V. CONCLUSION

Up to now, great theoretical and practical interest has
been focused on the problem of quenching quantum noise in
lasers, and many approaches have been proposed, including the
regularization of pumping [25], CEL [8,9], and the reduction
of spontaneous-emission noise for short measurement times
due to the atomic memory effects [35].

Here we propose an approach to reduce the quantum noise
in lasers by quenching the atomic population of the lower las-
ing level. The result shows that the standard quantum-limited
linewidth for the two-level laser system can be exceeded and
the amplitude fluctuations of the output field are also strongly
reduced. On the other hand, this quenching approach can
realize a laser output between two levels, whose decay rates do
not satisfy the usual lasing condition y;, + y, > v,. Itis very
useful for us to obtain a laser generation with the wavelength
we want.

Besides quenching the atomic population of the lower lasing
level, this approach can also be used to quench the upper lasing
level |a) by applying an external field to link |a) with another
atomic level (e.g., |d)), whose decay rate is smaller than
|a). In this case, the damping rate of the atomic polarization
between two lasing levels |a) and |b) could be smaller than
the inherent value I"4. However, the pumping rate R will also
be reduced since many atoms on the upper lasing level |a) are
transferred to level |d), and the field intensity (photon number)
will decrease. Therefore, we only apply this quenching method
to the lower lasing level.

This quenching approach has been widely applied in
experiments, such as laser cooling for calcium atoms [17,18]
and the optical lattice ytterbium atomic clock [20,21]. Here
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we apply it in a laser system to reduce the laser noise. The
laser system with a ladder-type configuration considered in
this article is a universal physical model, which can be widely
found in nature, for example, He-Ne gas lasers, CO, lasers, and
argon lasers. This approach can also be used in other atomic
configurations, for example, a V -type atomic system.
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APPENDIX: DIFFUSION COEFFICIENTS

A. Diffusion coefficients of the single-atom noise operators

Here we list the nonvanishing diffusion coefficients of the
single-atom noise operators calculated from Eq. (13):

(O Oua) = (Va + ¥)(0aa()),
d(Ouas Obp) = —Va(ua()),
(@b, T5) = (Vs + V{O66(D)) + Val0ua(D)),
d(ops, 0cc) = —yplop (1)),
(b, 04) = (75 + ¥(0a(D)),
d(Oce, Tee) = YelOee®)) + Vo (om(1)),
(O 04) = =Wy (0aD)),
d(oce, o) = yelop(t)),
(O, 00) = Yeloo(®),

A}, 04) = QT A = Va — YD(0ualD)),
Ao}, o8) = (Ca + T — To)ah ),
(o}, 08) = T — Y5 — Ym0} + Va(0ua()),
d(o},00) = (To + T —Ta)(oa()), a
(64, 00) = 2T0 = a — Y {(Gua(t)).

All the other diffusion coefficients are zero.

(
)

B. Diffusion coefficients of the macroscopic
atomic noise operators

Using the definitions of macroscopic Langevin forces
defined by Egs. (27) to (32), one can derive the following
nonvanishing diffusion coefficients:

D(Naa: Naa) = (Va + ¥){Naa(®) + R(1 — p),
D(Naa; Nop) = —Va(Naa(1)),

D(Npbs Nop) = (V6 + ¥)(Non(1)) + Va(Naa(?)),
D(Nbp, Nee) = =5 (Nbp(1)),

D(Npp, Ma) = (v + v,)(Ma(2)),
D(Nce; Nee) = Ye(Nee(1)) + o (Npp (1)),
D(Nee, Ma) = —yp(Ma(1)),

D(Nee, Mp) = ye(Mp(1)),

D(Nee, Mo) = ye(Mo(1)),

D(M}, M) = (2T — ¥a — ¥,)(Naa(0)) + R
D(M}, M}) = —(Ta +Tp — To) (M (1)),
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D(M}, M) = 2T5 — v — Y (Nop(®) + Ya(Naa(t)),
D(M},, Mo) = —(To + Tp — Ta)(MA(1)),
D(M),, M) = 2T — va — ¥.)(Naa(®)) + R.

In deriving we have used

<Z 8(t —1))8(t' — tk)> = R>— pRS(t — 1),
J#k s

where p is a parameter which characterizes the pumping
statistics: Poissonian excitation statistics correspond to p = 0,
and for regular statistics we have p = 1. The intermediate
cases between these two extremes are described by values of
p between 1 and 0.

C. Diffusion coefficients of the c-number macroscopic
atomic noise variables

Following Eq. (36), one can find all the nonvanishing
c-number diffusion coefficients as follows:

DMy, M) = 284 (A" (OM (1)),
DMy, My) = —(T'a +Tp = To)(Mp ()

— ga(A*(OMR(@)),

DM, Mp) = ga(A"(OM (1)),

DM, Nip) = (v + ) (MRD),
DM, Nee) = =y (M (D),

DM, Ma) = QT4 — Vo — V) Naa®) + R,

DMy, M) = 285(M31)),

DM, Naa) = —ga(MH1HA®)),

DM, Nip) = ga{(Mp1)A®)),
DM, Neo) = ye(M3p1)),

DMy, Mo) = =0 +T'p = TA)(Ma()),
DM, Mp) = 25 — v — V) Nop () + vaNaa (),
DM, Nee) = ye(Mp (1),

DM, Mo) = (2T'o = Ya — V) Naa(®) + R,

DNaas Naa) = (Va + ¥)Naa(®)) + R(1 = p)
= 8A(MUDAD) — galA*(OMaD)),
D(Naas Nop) = —VaWNaa(®)) + ga{(MEOAD)
+ ga(AT(OM4 (D)),

DN, Now) = (¥ + V) Nip(1)) + Vo (Naa (1))

—gAMLDAM®) — ga(A*(OM A1)

—gp(M5(@)) — g5 (Mp(1)),
D(Npp, Nee) = =y (Npp(0)) + g (M3(0)) + g5 (Mp (1)),
DN, Ma) = (v + v5)(Ma(0)),
DN, M) = ga{A* ()M (1)),
DNee, Noo) = YeNee(®)) + v (N (1))
— g (M3®) — g5 (Mp(1)).

All the c-number diffusion coefficients are calculated in the
resonant case.
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