PHYSICAL REVIEW A 96, 063806 (2017)

Quantum statistics of a single-atom Scovil-Schulz-DuBois heat engine
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We study the statistics of the lasing output from a single-atom quantum heat engine, which was originally
proposed by Scovil and Schulz-DuBois [H. E. D. Scovil and E. O. Schulz-DuBois, Phys. Rev. Lett. 2, 262
(1959)]. In this heat engine model, a single three-level atom is coupled with an optical cavity and is in contact
with a hot and a cold heat bath together. We derive a fully quantum laser equation for this heat engine model and
obtain the photon number distribution both below and above the lasing threshold. With the increase of the hot
bath temperature, the population is inverted and lasing light comes out. However, we notice that if the hot bath
temperature keeps increasing, the atomic decay rate is also enhanced, which weakens the lasing gain. As a result,
another critical point appears at a very high temperature of the hot bath, after which the output light become
thermal radiation again. To avoid this double-threshold behavior, we introduce a four-level heat engine model,
where the atomic decay rate does not depend on the hot bath temperature. In this case, the lasing threshold is
much easier to achieve and the double-threshold behavior disappears.
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I. INTRODUCTION

In 1959, Scovil and Schulz-DuBois introduced a quantum
heat engine model (the SSDB heat engine) [1,2], where a single
three-level atom is in contact with two heat baths together
(Fig. 1) and the population inversion between the levels
le;) and |e;) can be created by a large enough temperature
difference giving rise to laser output. During one working
cycle, one hot photon /iw, is absorbed, one cold photon /iw,
is emitted, and one laser photon /2, is produced. Thus, they
obtain the efficiency of the heat engine as nsspp := €2;/w;,. To
guarantee the laser output, a population inversion condition is
required exp(—"T’—:) > exp(—“T’—:'), which is obtained from the
consideration of counting the Boltzmann factors. That simply
leads to an upper bound for the SSDB efficiency nsspg < 1 —
T,/ Ty, which is just the Carnot limit. It turns out that the SSDB
heat engine is deeply connected with many other quantum
heat engine models, e.g., the quantum absorption refrigerator
[3—6] and the electromagnetically induced transparency based
heat engine [7,8], and it also can be used to describe the
photosynthesis process and solar cells [9,10].

This heat engine model gives a simple and clear demon-
stration of quantum thermodynamics. However, we notice that
some detailed properties of this lasing heat engine, e.g., the
threshold behavior and the statistics of the output light, are still
not well studied. In Ref. [9], a rate equation description was
developed. In order to obtain the photon statistics, we need to
go beyond the rate equation description. In this paper we study
this SSDB heat engine based on a more realistic single-atom
lasing setup [11-15], where the three-level atom is placed in an
optical cavity, is coupled with the quantized field mode, and is
in contact with two heat baths with temperatures 7}, . [16-22].
We derive the lasing equation in both semiclassical and fully
quantum approaches (the Scully-Lamb approach [23-25]) and
analytically obtain the photon number distribution in the steady
state for both above- and below-threshold cases.

Intuitively, a higher temperature 7;, from the hot bath
enhances the population inversion between the two levels
le;) and |e;) and thus should also enhance lasing. However,
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our analytical result shows that a higher temperature 7, also
increases the atomic decay rate. As a result, the lasing gain
decreases when 7j, is too high and this system shows a
double-threshold behavior: When the hot bath temperature
T, is quite low (7, ~ T.), the excitation is too weak and
the system is below the lasing threshold; with increasing 7},
population inversion happens and the lasing light comes out,
but when 7}, keeps increasing, the lasing gain starts to decrease
and even goes below the threshold again, thus another critical
point appears, after which the output light becomes thermal
radiation again.

To avoid this double-threshold behavior, we study a four-
level model where a third ancilla bath is introduced [26]. In
this model, neither of the two lasing levels is coupled with
the hot bath directly and thus the atomic decay rate no longer
depends on the hot bath temperature. As a result, the lasing
gain and cavity photon number increase monotonically and
only one critical point exists. It turns out that the laser output
of this four-level heat engine is also bounded by the Carnot
efficiency.

We arrange the paper as follows. In Sec. I we introduce our
model setup and give a semiclassical analysis. In Sec. III we
study the fully quantum theory and derive the laser master
equation. The master equation has the same structure as
the Scully-Lamb master equations, however, with gain, loss,
and saturation parameters specific to the three-level model
of Scovil and Schulz-DuBios. In Sec. IV we present results
for the photon statistics and we note the unusual feature that
for a given gain, the photon distribution could be different.
The quantum statistical features of the four-level model are
presented in Sec. V. We conclude with a summary in Sec. V1.
Detailed derivations are relegated to the Appendixes.

II. THE SSDB HEAT ENGINE

The heat engine model is demonstrated in Fig. 1 [16-
18,21]. A three-level system Hy = E.|g)(g| + Eiler){ei| +
Esley){es| is placed in an optical cavity which is resonant

©2017 American Physical Society


https://doi.org/10.1103/PhysRevLett.2.262
https://doi.org/10.1103/PhysRevLett.2.262
https://doi.org/10.1103/PhysRevLett.2.262
https://doi.org/10.1103/PhysRevLett.2.262
https://doi.org/10.1103/PhysRevA.96.063806

LI, KIM, AGARWAL, AND SCULLY

lea)
7
1
1
1
1
1
1
1
1
1
1
1
I

1y,
s
19)
FIG. 1. Demonstration of the SSDB heat engine. A three-level

atom is placed in an optical cavity to generate a laser. We define
hw, = E; — Ey, hwo, = E) — Eg, and i = E, — E;.

with the atomic transition |e;) <> |e;). (The transition path)
lei)) <> |g) is coupled with a cold(hot) bath.

We define the atomic transition operators as £, = |g){ex|,
£ = g)e1], 67 == le1)(ea]. £ := (), and 6T := (6 ).

The atom and the cavity interact resonantly through the Jaynes-
Cummings coupling V = g(6+a + é~a') and the dynamics
of this cavity-QED system can be described by the master

equation (interaction picture)

p = ilp.V1+ Lalpl + Lclp] + Lealp], 0
where
Lilp]l = yini (£ pt — 3(5727.0})
+yi@ + D(87pt" = 5{E 0p)). i=he
Leawlpl = k(apat — Latap — Lpa'a). 2

Here L) lp] is the contribution from the hot (cold) bath
coupled with the atom and L, [p] describes the light leaking
from the cavity to the outside vacuum field. Here n; :=
np(w;,T;) for i = h,c is the thermal photon number of the
hot or cold bath calculated from the Planck distribution
np(w,T) := [exp(fiw/ksT) — 1]~'. With this master equation,
we obtain the equations of motion

d . _ s _ N .
E(Nl) = ¥e[Me(Ng) — Ac + 1)(N))] — igl(6~a") — Hel,

A

d . _ _ N
E<N2) = vl (Ng) — M + D(N)] +igl(6~a") — Hel,

d(“) ig(6°a) 11*(“)

— =ig(6ta)y— =T'(67),

d1 § 2
Loy = @) —igte) 3)
o ay = > ay—ig(67),

where we define Ng = |g)(g| and Nl,z = le12){e12], 6; =

]\72 - N | for the atom operators and
=y + 1)+ v+ 1) “4)

for the atomic coherence decay rate.

We apply the semiclassical approximation that (6~a') ~
(67)(@a' and (64a) ~ (6%)(a) = (N, — Ny)(@) and assume
the atom rapidly decays to its steady state right before the
cavity evolves significantly. Thus the quantum coherence term
is givenby (6 ) = (2ig/ T)(N, — N;)(a) (defining £ := (a)),
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which is proportional to the population inversion AN,

AN := (N, — N ni — e 5
= (N, — Np) = m, 5)
where
1 _ _
V= [ya(3N, + 1) + y.(30, + 1],
YhYe

o = 3ﬁhﬁc + Z(ﬁh +ﬁc) + 1.

Notice that when there is no cavity coupling (g = 0), the
atomic populations return to the SSDB result

O 3 O ﬁc ﬁh
Ng) : (N1) : (Np) =1: = — 6
(Ng) = (N1) = (N2) hrl m a1 (6)
and the population inversion is
ANy = (N, —Nn.)/®. (7
We see that the constant ® is just the normalization factor.
Now we obtain the lasing equation as
2¢%(My, —N,) K 1 G
= = | — — K g
Fo+4g21EPPv 2 21+ BIE?
®)

In the above bracket, G := 4g> AN,/ T is the lasing gain and
G/k > 1 means above the lasing threshold; B := 4g?W¥/'®
is the saturation parameter. It is worth noticing that, although
the population inversion AN, increases with Ny, it also gets
saturated and could never exceed 1, while the atomic decay
rate I" keeps increasing linearly with nj,.

As a result, with increasing 7}, starting from 7, the lasing
gain first increases from zero and gets above the threshold, but
then the lasing gain achieves a maximum point, after which it
starts to decrease, and even goes below the threshold again at
a very high temperature 7, [Figs. 2(a) and 2(b)]. Intuitively, a
higher 7;, would enhance the population inversion for lasing;
however, a higher 7}, also enhances the atomic decay rate I,
which suppresses the lasing gain [Eq. (8)]. Therefore, at a very
high temperature 7}, the lasing gain decreases and even below
the threshold again.

In Fig. 2(b) we show a numerical result for the atomic
populations in the steady state changing with 7;,. When T, is
very high, the populations on |e; ) are almost totally inverted,
but the lasing gain G decreases with 7},. In addition, the cavity
photon number (71;) shows similar behavior [Fig. 2(c)]. Notice
that the photon number (7;) in the cavity is not large; this
is because we have only one atom in the cavity and thus the
photon emission is limited.

If the cavity coupling strength g is strong or atomic
spontaneous decay rates y; . are weak, the second critical
point would appear at a much higher temperature 7}, but such
a behavior of double critical points always exists. For realistic
laser systems with N atoms in the cavity, the coupling strength
could be effectively enhanced by the atom number (v Ng).
Therefore, it is not easy to observe such double-threshold
behavior in common laser systems since the second threshold
is usually too high and beyond the practical regime of interest.
However, for a single-atom heat engine laser, it is much easier
for this double-threshold behavior to happen. In the finite
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FIG. 2. (a) Lasing gain G. Here G/k > 1 means above the lasing
threshold. (b) Steady-state populations on |g), |e;2). (c) Average
photon number (#;) in the cavity obtained from the analytical result
(13) and (17) (red dashed line) and numerically solving the master
equation directly (blue solid line). We set y, = y. = 32k, g = 14k,
and n. = 0.05 as the cold bath photon number. The two critical points
are N, ~ 0.187 and n,, >~ 8.647.

cavity limit ¥k — 0, this threshold condition simply reduces
as Ny, — N, > 0 and then it leads to the SSDB inequality
nsspB = /w, < 1 — T,/ T, which was derived based on the
comparison of the Boltzmann factors [1].

III. FULLY QUANTUM APPROACH

The semiclassical approach is helpful to get a basic
understanding of the physical process in this heat engine. To
get a more precise and rigorous description, we adopt the
Scully-Lamb approach to study the fully quantum theory for
the cavity mode g := tryomp [23-25,27]. In this approach, the
previous semiclassical separation of the correlation functions
are not needed. Defining the matrix elements of o in Fock basis
as P, := (m|o|n), we have

d
dl mn lg(\/_p12mn 1 ﬂle;m—l,n)
—ig(Wm +1p1me10 — VR + 10210 n41)
kly/(m + 1D+ D Pyt et — 50m + 1) Py
)

Here pug;mn = {a,m|p|B,n) and o, = 1,2,g are the atom
state indices. The first two terms mean that the dynamics of
the cavity mode and the atom are coupled together and we
need to eliminate the atom degree of freedom.

For this purpose, we adopt the adiabatic elimination to
take away the dynamics of the atom [23-25]. Namely, we
assume that the atom decays very fast and quickly arrives at its
steady state (k << y;..). That gives a set of algebraic equations,
which enable us to obtain the equation for the photon number
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probability P, := (n|o|n) (see Appendix A),

d _ n[ﬂpn—l _JZ{I)Pn] (n+l)[dpn_52{bpn+l]
dt’" 1 4+nB|A 1+(0n+ 1B
+xl(n+ DPyp1 —nPyl, (10)

where we define

4g°n, (N + 1) 4g°n.(N, + 1)

JZ{:: _—, ,%:
rd r'd
497w
Bo= S (11)
rd

The constants I', ®, and W are the same as in Egs. (4) and (5).
This equation has the same form as in Ref. [27] [p. 297, Eq.
(59)]. Here «/ indicates the stimulated emission rate, while
%, is the stimulated absorption rate.

Expending the fractions in the above lasing equation to first
order, we further derive the equation for the average photon

number (4;) = Y nP,,ie.,
d
Z () = (& — s — i) ) + o — B + 1)?%)
o
+ %93( i) (12)

The first linear term is the net lasing gain, which is exactly the
same as that in the previous semiclassical laser equation (8),
and we can verify &/ — @4, = G. The £ terms are nonlinear
saturation which is beyond the linearized laser theory.

IV. PHOTON NUMBER STATISTICS

Setting P'n =0 in the lasing equation (10), the photon
number distribution of the cavity mode in the steady state
is obtained as follows:

P o
Pn—l N t%—"_K(l—i_%)’

P, =P ——— (n>=1). (13)
On%-l—/c kg) "

The maximum probability of P, appears around

Ny = %(ﬂ Gy — K). (14)
Here P, increases when n < n, but decreases when n > n..
Thus the lasing threshold requires n, > 0, which is just the
same as the above-threshold condition G — k = & — %, —
k= 0.
When the system is working far below the threshold,
approximately the distribution becomes an exponentially
decaying one,

4

2 = L1 15
Pn—l %"'K ( )

Therefore, the output light is like thermal radiation. However,
we should recall that if the system is below but still close to
the lasing threshold, the the realistic photon distribution is not
the idealistic thermal one [Eq. (13)]. For example, Figs. 3(b)
and 3(c) show that P, is not exactly an exponentially decaying
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FIG. 3. Photon number distributions and Wigner functions. The
parameters are the same as those in Fig. 2 and (a) and (b) n, = 0.17
(below threshold), (¢) and (d) n, = 0.507 (above threshold), (e) and
(f) n, = 2.629 (above threshold), and (g) and (h) h, =9 (below
threshold). Notice that n, = 0.507 in (c) and (d) and n;, = 2.629in (e)
and (f) are the two blue points in Fig. 2(a) which have the same gain
G/k = 2. The two critical points are n, ~ 0.187 and n, >~ 8.647.
The yellow columns (right) are given by the analytical result (13)
and the green columns (left) are the numerical result by solving
the master equation (1) directly. The distributions below the lasing
threshold in (a), (b), (g), and (h) are not exactly thermal distributions
(P, < exp[—n€2/T]). The red dashed lines in (c) and (e) are the
corresponding Poisson distribution P, = e~ (#;)" /n!, where (#;)
is the average photon number.

distribution. In addition, above the threshold, the distribution
is not the perfect Poisson one either [24,25].

In Fig. 3 we show the photon number distributions and
the corresponding Wigner functions when T, is in different
regimes. The photon number distribution is calculated by the
above analytical result (13) (yellow columns on the right)
as well as by solving the master equation (1) numerically
(green columns on the left), and they match each other quite
well for all different 7}, which confirms the validity of the
above adiabatic elimination method. Further, it shows that with
increasing 7T}, the cavity output light first gives out thermal
light, then becomes lasing, and then turns back to be thermal
again in the very-high-temperature regime, which confirms our
previous result.
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It is worth noticing that the two blue points in Fig. 2(a)
(N ~ 0.507 and n;, >~ 2.629) have the same gain G, but their
distributions still differ greatly [see Figs. 3(c) and 3(e)]. For
example, their maximum value also depends on 7 /% [see
Eq. (14)].

The total output power of the cavity is

Pr = —t(Lea[pS27,) = Rk (A1), (16)

which is proportional to the average photon number of the
cavity mode. From the photon number distribution (13), we
obtain the average photon number (see Appendix A)
)= L — =0+ et By (1)
In Fig. 2(c) we compare this analytical result for cavity
photon number with the numerical result by solving the master
equation (1) directly; they fit each other quite well.
When the system is far above the threshold, Py~ 0
and thus only the first term dominates. Therefore, the laser
power is

o
P = EQIE(%_% —K)

. thVhyc(ﬁh _ﬁc - [?FQ)
T oG+ D+ GR 1)

The leading term of this result (without the « term) is the same
as that in Ref. [9], which was calculated by rate equations (see
Eq. [S6] in the Supplemental Material thereof). This result
is valid when the system is far above the lasing threshold.
When the system is below or around the threshold, the P
term in Eq. (17) becomes important and cannot be neglected
[Fig. 2(c)]. Considering n. ~ 0 and y, =y, = y, a rough
estimation for the cavity photon number is

YNy _ j/_z n, +DH2n, + 1)
k(BN +2)  4g2 3n, +2

where the second term increases with N, monotonically and
indicates that the hot photon number could weaken the lasing.
Thus the maximum cavity photon number does not appear at
n, — oo. Again we see that the cavity photon number is not
large, which is because there is only one single atom in the
cavity and thus the photon emission is limited.

Further, with this distribution P,, the variance of the photon
number is

(18)

(i) ~ , 19)

g o
2 2 A \2 .
= — =— - — o) P . 20
o (A7) — (A P K%(K + @) Polfy).  (20)
When the system is far above the threshold, Py ~ 0 and
o2 Gy + Kk
— =14+ — 21
)t Tk« @b

Thus the lasing photon number distribution is super-Poissonian
(62 > (A;)). When &7 > o + k, the photon distribution
approaches the Poissonian one with o2 ~ (/i;).

V. FOUR-LEVEL HEAT ENGINE MODEL

In the above discussion, we notice that the three-level heat
engine has a problem of double critical points, namely, when
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FIG. 4. Four-level heat engine. The transition |e;) <> |e3) is
coupled with a third ancilla bath with temperature 7.

the hot bath temperature is increased, the atomic coherence
decay rate is also increased, which decreases the lasing gain
and even below the threshold again. To avoid this problem,
we consider a four-level system as shown in Fig. 4 [26]. The
transition |e;) <> |e3) is coupled with a third ancilla bath with a
low temperature 75 so as to “cool down” the atomic coherence
decay rate of the lasing transition. In addition, this third bath
also increases the population on |e;), as we will show below.
Using the same method as the above discussion (see also
Appendix B), the linearized semiclassical lasing equation is

. 1 4g2 ,
&~ E[FANO — K]E +o(IEP),

ANg = [(N, = N)Na + (A + DR/ P, (22)

where G’ := 4g> AN/ T"' is the lasing gain and

F/ = Vaﬁa + Vc(ﬁc + l)»

A (23)
= (4npNe + 30, + 20, +

Dhg + 0, (e + 1).

Here Ny := np(wy,Ty) is the thermal photon number of the
transition |e;) <> |e3) and wa = E3 — E,. In this case, the
decay rate I does not depend on the hot bath and thus will
not increase with 7j, as the three-level case. In addition, it is
clear to see that G’/k = 1 is a linear equation and gives only
one root for N, when N, 4 are fixed, which means that only one
critical point exists (see Fig. 5).

Simple algebra shows that A Ny is the population inversion
on |e;) and |e;) when there is no cavity coupling. Notice
that when T, — 0, we have AN(/) — 1, which means that all
the populations would fall on |e;) in the steady state. This is
because when T, = 0, once the population falls down from |e3)
to |ez), it could never go back. This is the maximum inversion
for lasing. In Fig. 5 we also notice that the lasing threshold is
much easier to achieve than in the three-level case, i.e., a very
small N, provides a strong enough pumping for lasing.

In the finite cavity limit « — 0, the lasing condition is given
by AN] > 0 [Eq. (22)], which leads to

e®a/Ta g/ Te > e/ Th (24)
If we consider that the ancilla bath has the same temperature
as the cold one, T = T, the above inequality gives

T. Wy + W Q

A I e (25)
T wy Wy,

PHYSICAL REVIEW A 96, 063806 (2017)

(@)
)]
28
S 4.
04
® g6l
N
> ! —— Numerical
Z 2] | (ﬁ,):ZnPn === Analytical
< o — J .
© 04 !
x03{ |
%o,z i %:E
oL B 4w
000 002 1 2 3 4 5 6

Hot bath photon number nj,

FIG. 5. (a) Lasing gain G’ for the four-level system. (b) Average
photon number (#;) in the cavity obtained from the analytical result
(red dashed line) and numerically solving the master equation directly
(blue solid line). (c) Ratio &7’/ %' We set vy, = y. = Ya = 32k, g =
l4x,n, = 0.1, and n, = 0.1. The critical point is N, >~ 0.0141.

Here 2;/wy, is just the output efficiency of this four-level
system and again it is bounded by the Carnot efficiency, which
is similar to the previous SSDB discussion.

The fully quantum equation also has the same form as the
three-level case [Eq. (10)], except that the parameters <7, .o,

and 4 should be changed to be (see Appendix B)
(N + 1)

4g2ﬁh (ﬁc + 4g2ﬁcﬁa(ﬁh + 1)

M/ = ) be/ = El
e’ e’
4 Z\IJ/
B o= (26)
e’
where W' =y, ' (4NN, + Na + 30, + 1) 4y @00, +

20, +Na) + 5 '(4n,n, + 20, + 3N, + 1). In Fig. 5 we show
the lasing gain and the cavity photon number, which increase
monotonically with the hot bath temperature 7,,. Again, the
laser gain is just given by G' = &' — .

The cavity photon number is still given by Eq. (17),
but the parameters should be changed by &', <7/, and %',
correspondingly. Figure 5(c) shows that this analytical result
for the cavity photon number fits quite well with the numerical
result.

When the system is far above threshold, the laser power is
estimated by (considering k — 0)

/ ’
%/

If we further consider N, a ~ 0, Y, = . = ya = ¥, and N, >
1, then the maximum gain and cavity photon number are
around G’ ~ 4g%/y and (fi;) ~ y /4k. Both the lasing gain
G’ and the cavity photon number (#;) approach saturation in
the very-high-temperature regime, as shown in Fig. 5. This is
because in this regime, the population is almost totally inverted
(AN — 1) and thus the increase of the hot bath temperature

(i) =~ = [N — N)Na + (N + DARI/W'. (27)
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T, can no longer cause a significant increase of the lasing
gain. Unlike the three-level result (19), the hot bath no longer
has any weakening effect on the lasing and thus more lasing
photons can be produced in the cavity, and the lasing power
can be increased. However, the cavity photon number is still
limited due to the single-atom feature.

VI. SUMMARY

In this paper we studied the statistics of the lasing output
from the SSDB heat engine. In this heat engine model, a single
three-level atom is coupled with the quantized cavity mode and
isin contact with a hot and a cold heat bath together. We derived
a laser equation for this heat engine model and obtained the
photon number distribution both below and above the lasing
threshold. Below the lasing threshold, the output light from the
cavity is more likely thermal radiation. With the increase of
the hot bath temperature, the population is inverted and lasing
light comes out. If the hot bath temperature keeps increasing,
our analytical result shows that the atomic decay rate is also

J
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enhanced, which weakens the lasing gain. As a result, at a very
high temperature of the hot bath, another critical point appears
and after that the output light becomes thermal radiation again.
To avoid this double-threshold behavior, we considered
a four-level model where neither of the two lasing levels is
coupled with the hot bath directly and a third ancilla bath is
introduced. As a result, the atomic decay rate in this four-level
no longer depends on the hot bath temperature and thus
the lasing gain and cavity photon number keep increasing
monotonically when the hot bath temperature increases. This
four-level heat engine is also bounded by the Carnot efficiency,
which is the same as the original three-level SSDB model.
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APPENDIX A: LASING EQUATION FOR THE THREE-LEVEL SYSTEM

1. Lasing equation

Here we derive the lasing equation for the photon number distribution P, = (n|o|n), where 0 = tryomp is the density matrix
of the cavity mode. We assume that the cavity leaking is much slower than the atom decay and omit L.,,[p]; then the master
equation (1) gives (defining pgg,mn = (a,m|p|B,n), where o, = 1,2, g are the atom state indices)

dt

dt
d
— P12;mn

dt
d

dt
d

dt Pggsmn = F;pll;mﬂ - Fjlogg;mn + F;,_:022;mn -

d . _

——Pllymn = lg(\/ﬁ,OIZ;m,n—] - Vm:OZl;m—l,n) - Fc Pliymn + F;Lpgg;mn,

d . — — _

- P22mn = lg( n+ 1p21;m,n+1 —vm+ 1;012;m+l,n) - Fh P22;mn + F;pgg;mn»
. L _

= lg( n—+ 1,Oll;m,lH-l =Y m,o22;m—1,n) - E(Fh + Fc )plZ;mna

P L _
_,021;mn = _lg( m+ 1;011;m+1,n - ﬁpZZ;m,n—l) - E(Fh + FC )1021;mn7

- (A1)

Here we define 1“;r =yN; and I';” = y;(N; + 1) for i = h,c. The matrix elements for the cavity mode is P, := (m|o|n) =
Plizmn + P225mn + Pggymns thus, combined with the cavity leaking term L, [0], the equation for the cavity mode is

d . PN e T
Epmn = lg(\/zpn;m,n—l - \/’1_11021;111—1,n) - lg( m + 1,012;m+l,n - n+ 1p21;m,n+l)

[y (m 4 D0+ D Pyt npt = 50m 4 1) P (A2)

In the first two terms, the dynamics of the cavity mode is still coupled with that of the atom.
To derive a equation for the cavity mode alone, we need to replace 012, by P, in Egs. (A2) by adiabatic elimination [24,25].
That is, due to the fast decay of the atom, Eqs. (A1) quickly arrive at the steady state, which gives

0 =ig(Vnpizmn—1 — Nmpatm—1.n) — T2 P11 + T Pggumns

0 = ig(Nnpatyn—1.n — Vmpizmn—1) — Ty p22m—1.n-1 + T} Pggm—1.n—1.
0 = ig(Vnpiizm — Vmpazm—1a-1) — 3Ty + T p12mn—1s

0 = —ig(Wmpiimn — N1p22m-1.1-1) — 3T + T)o20m—1.n,

— T pggimn + Ty p225mn — Tt Pggomns

— + —
0= Fc Pllm—1,n—1 — FC Pggim—1n—1 + Fh P22:m—1,n—1

0= 1—‘C_pll;mn

- F}-:_pgg;m—l,n—b (A3)
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Together with the relations
Pon = P11;mn + 022mn + Pggumn
Pu_tn-1 = P1im—1n-1 + P2m—1.n—1 + Pggim—1.n—1» (A4)
Egs. (A3) and (A4) become a closed set for the eight variables pge.mn, Pitymns P225mns Pogim—1.n—1s Pllm—1n—1s P22um—1,n—1>

P12:mn—1, and pa1m—1.,. Solving this equation set, we obtain the steady values of pi2.,, represented by P,,. Here we are
concerned with only the diagonal terms P, = (n|o|n) (m = n), which gives

. nl4g* (e + D P,y — 4g*n.(N; + 1 P,]
lg(«/EIOIZ;n,n—l - \/E,OZI;n—l,n) = g = 8 : :

C® + n4g2w
for the first two terms in Egs. (A2), where

(A5)

_ _ _ _ 1 _ _
=y +D+y0,+1), &=3nn.+2(n,+n)+1, ¥:= - [¥a(3n; + 1) + y.(3n, + D], (A6)
hVe

Then we obtain the lasing equation for the cavity mode [see Ref. [27], p. 297, Eq. (59)]
d nle Py — Pyl (n+ DA P, — G Pyl

—P, = — DP,.1 —nP,l, A7
di 1+ 1) Txnt 0z et DE bl (A7)
where we define
4¢%n, (M, + 1 4¢7n.(N 1 492Y
o — M b:w, B g8 (A8)
re re re

2. Photon number statistics

In Eq. (A7) of P, expanding the fractions to first order, the average photon number (;) = > n P, gives

d o
— () = (o — h — k) iy) + o — B+ 1)) + —Ba]) + - . (A9)
dt o,
In the steady state, the photon number distribution is
P, o . |k B PyY! X"
frd BN’ P,.L:P()l_[ ,Q{( /K ) = 0 s (Alo)
P+ (L4 57) ko) kT (i Y)!
where we define X := &7%/k % and ¥ := %(K + a%,). The average photon number is
> PoY!X" n+Y-1)X" > xxr-! Y X"
7) = = ' P Y' -
) ;: ntr)! Z " +7)! 0 ; n—1+1) (t7)!
o
=X—Y+YPo=—(%—%—K)Jr—(KJr%)Po. (A11)
KRB KRB
When the system is far above the threshold, Py >~ 0 and then we obtain
o Vhyc(ﬁh - ﬁc - LF(D)
k(i) = — (o — dhy — k) = ——— S (A12)
B Ya(30, + 1) + (30 + 1)
Notice that the radiation power of the cavity is just P, = —h<2; % (A1) |cav = 12k (7i;). The leading term of this result is consistent
with that in Ref. [9].
The variance of the photon number distribution is calculated by
i 2 PoYIX" PoY‘i nXX"'  arx
(n+7Y)! 'n=1 m—14+Y)) @+Y)
Z( + X2 PYIX" - PoVIX (i + 1)X — ()Y
= n —nY— = (A —(n;)Y,
(n+7Y)! n+v) !
of? o
2 A2 A2 .
= — =X—-YP(X-Y+YP)=—-— 1) P, . Al3
o (A7) — () o( + Y Py) Py K%,(K-i- 0) Po i) (A13)
When the system is far above the threshold, Py ~ 0 and we have
of? o o2 P+ Kk
2 _ . b
= (H , - =14 — Al4
o=-= <Z)+Kﬁ( b+ ) ) +ﬂ_%_K (A14)

If we have .7 > .o, + i, the photon distribution approaches the Poisson one with > ~ (/1;).
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APPENDIX B: LASING EQUATION FOR THE FOUR-LEVEL SYSTEM
1. Semiclassical lasing equation

Here we study the lasing equation for the four-level model shown in Fig. 4. First we consider the semiclassical equations
similar to Eqgs. (3). We have

A

d _ _ N
(M) = e[Pe(Ng) — (A + D(N)] —igl(s ") @") — (6)(a)],

dt

E“%) = —YalMa(Na) — (Ma + D(N3)] +igl{g )@’ — (6@,

d - N _ N A _ N

77 () = (M) = @ + D(N3)T + yallla (Vo) = (Ta + D(M3)],

L 67y = igtls — Ri)(@) — 16"

E( ) =ig(Ny — 1)(11)—5 (67),

4 ay =) —iglo- Bl
(@) =—>(@) - ig(67), (B1)

where we define I'' = yaNa + y.(N. + 1) for the coherence decay rate. The steady state gives the population inversion as

~ (ﬁh - ﬁc)ﬁa + (ﬁc + l)ﬁh

(NZ - Nl) = Y + 4g2|E 2 W ) (Bz)
e
where
@' = 4nyn,N, + 3n,N, + 2NaN. + NN + Ny, + Ng,
U =y, ' (@NgN, + Mg + 30, + 1) + y, ' (@00, + 20, +Na) + v5 @0, + 27, + 30, + 1).
Therefore, the lasing equation is
. 297 N 2¢%[(M, — NN + (. + DA
é’:i(Nz—Nl)E—EE: g [y, Ng + ( )h]_fg
r’ 2 e’ —{—4g2|5|2\lﬂ 2
1[4g*[(n, —N)Ng + (N, + DN
1[40 — Ao + @+ DAl 7. ©3)
2 e’
2. Fully quantum approach
Now we consider the fully quantum approach. Similar to Egs. (A1), the equations for the density elements are
d . _
Epll;mn = lg(\/ﬁpn;m,nfl - ﬂle;mfl,n) - FC Pl1;mn + Fjpgg;mn»
d . — _
Ep22;mn = lg( n+ 1,021;m,n+1 - m+ 1,012;m+1,n) - F;r,022;mn + Fa ,033;mna
d . 1 + —
77 P1zmn = ig(Vn 4+ 1p11mnt1 — VMP2m—1.0) — E(Fa + T )p12amn,
d o (I
Epﬂ;mn = _lg( m+ 1loll;m+1,n - \/;;022;111,11—1) - E(ra + FC ),021;mna
d - + - +
Epgg;mn = FC Pllimn — FC Pgg.mn + Fh P33:mn — Fh Pgg.mn>
d + - - +
Ep33;mn = Fa P22:mn — Fa P33;mn — Fh P33;:mn + Fh Pgg:mn- (B4)
Here we define F;r =y, andI'; = y;(N; + 1) for i = h,c,a. The equation for the cavity mode is
d . . — T
EPmn = lg(\/ﬁpn;m,nfl - \/%,OZI;mfl,n) —ig(vWm+ 1p12;m+1,n —vn+ 1p21;m,n+1)
+1[y/m + D)+ DPyyring — 5(m +n) Pyl (B5)

The first two terms mean that the cavity mode is coupled with the atom.
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We apply the adiabatic elimination and consider the steady state of the atom
0 =ig(Wnpizmn—1 — Nmpatm—1.2) — U pr1smn + UF Dogimns
0 =ig(vnpatm_1n — Vmprzma—1) — TF p22m—1n-1 + T3 P33m—1 01,
0 = ig(Wnp11umm — Vmpom-1.4-1) — 3(CF + T p12mn—1,
0 = —ig(Vmpi1mn — N1p22m-1.-1) — 3TF + TO)o20m—1.n,

_ _ (B6)
0 =T pitsmn — UF Pegimn + Ty p335mn — Ty Pogimns
0 =T p22mn — T 033:mn — Ty P33:mn + T Pggimn
0 =T, prim-tn-1— T Pggm—tn—1 + T} P33m—1.1—1 — T} Pegim—1.n—1,
0 =TFpomtn-t1 — 5 p33m—tn-1— T} P33m—tn—1 + T} Pegm—1.n—1-
Together with the relations
P = P11yun + P22:mn + 03300 + Pegimns
Po_t1n-1 = P1im—1,n-1 + P2m—1.n—1 + P33m—1,n—1 + Pggum—1.n—1, (B7)

Egs. (B6) and (B7) become a closed set for the ten variables Pggimns Pllzmns P22smns P33;mns Pggsm—1,n—1s Pllzm—1,n—15 P225m—1,n—15
O33:m—1.n—1> P12:m.n—1, and pay.,—1.,. Solving this equation set, we obtain

: 4g”n[Ny(N: + DMz + 1) P,y — NNa(y + 1 P,]
lg(\/;lpIZ;n,n—l - \/;1102l;n—l,n) - o + n4g2\ll’
where the parameters I/, ®’, and W’ are just the same as those in the semiclassical results [Eqs. (B1) and (B2)]. Thus, the laser
equation has the same form as the three-level case [Eqgs. (10) and (A7)], except that the parameters .o7, .o%,, and & are changed to
4¢%n,(M. + (Mg + 1 420’
— g h( + )( a + ) , %/ = JZ{/ . g .
e’ e’ e’

, (B8)

o ,

(B9)
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