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Improving engine efficiency by extracting laser energy from hot exhaust gas
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We show that it is possible to improve the efficiency of a classical Otto-cycle heat engine by adding a high-
Q microwave cavity and a laser system that can extract coherent laser energy from thermally excited ‘‘ex-
haust’’ atoms. This improvement does not violate the second law of thermodynamics, i.e., we show that a
combined high-Q microwave cavity and a laser system does not improve the efficiency of a classical Carnot-
cycle heat engine.
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I. INTRODUCTION

The laws of thermodynamics were formulated before
advent of quantum mechanics. In recent years, several s
ies have been made to examine the viability of these la
within the framework of quantum thermodynamics@1,2#.
These studies are particularly interesting from the point
view that quantum mechanics, which initially was stimulat
by thermodynamics, now provides interesting feedback
thermodynamics@3#.

Previous studies in the context of quantum thermodyna
ics have already shown how to extract work from a sin
thermal reservoir via quantum negentropy@4#. Stimulated by
the preceding discussion, we have recently reconsidered
ous aspects of the second law in light of recent developm
in quantum optics such as cavity QED@5# and lasing without
inversion~LWI ! @6#. The possibility of obtaining LWI for a
system in thermodynamic equilibrium, e.g., in a therm
Boltzmann distribution of atomic populations, has be
shown@7#. We here extend the ideas of Ref.@8# to show that
it is indeed possible to improve the efficiency of certain cl
sical heat engines. In particular, we show that the efficie
of an Otto-cycle heat engine can be improved beyond
classical limit by adding a high-Q microwave cavity and a
laser system that is able to extract coherent laser energy
thermally excited atoms. However, this does not violate
second law of thermodynamics because the system ent
is constantly increasing. We also derive a quantum exten
of the Carnot-cycle engine, along these lines, and show
such an extension cannot improve the efficiency beyond
classical Carnot limit. Thus, the validity of the second la
remains intact.

II. THE QUANTUM AFTERBURNER CONCEPT

In this section, we consider a closed-cycle quantum h
engine and show that its performance can be improved
extracting energy via a high-Q microwave cavity and a lase
system. In particular, we show that a simple Otto-cycle
gine, which approximates the operation of the internal co
bustion gasoline engine and other similar devices, can
improved if a simple laser scheme enabling lasing from
1050-2947/2003/67~5!/053811~8!/$20.00 67 0538
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hot exhaust gas atoms is included. The emitted laser ra
tion partially replaces the usual coolant.

Let us first briefly recall how the classical internal com
bustion~i.e., the Otto-cycle! engine works@9#. Figure 1 de-
picts a classical Otto-cycle engine in which a working g
passes through the cycle 1-2-3-4. In order to prepare for
next step, where we are going to take advantage of the in
nal degree of freedom of the engine fluid, i.e., a gas cons
ing of multilevel atoms or molecules, we consider the se
of an Otto-cycle engine consisting of two cylinders. This w
allow us to introduce the high-Q microwave cavity and lase
systems in the setup in a natural way. This two-cylind
setup follows the classical stages of the Otto cycle. In
first stage 1-2@Fig. 1~a!#, the gas expands isotropically~i.e.,
no heat in or out! from volumeV1 to volumeV2 ~here and
below, T, V, P, and S stand for temperature, volume, pre
sure, and entropy, respectively!, doing useful~good! work
given by Wg5Cv(T12T2), where T25T1 /R, Cv is the
heat capacity,R5(V2 /V1)g21, and g is the ratio of heat
capacities at constant pressure to constant volume. The
the next stage 2-3@Fig. 1~b!#, we consider gas transfer from
one cylinder to another and an isochoric cooling proc
~i.e., at constant volume!. Let us underline that transferrin
gas from one cylinder to another plays no role in the class
Otto cycle, but we include these two cylinders here beca
it allows us to cool the internal degrees of freedom of the
by using a high-Q microwave cavity and a laser system, th
producing additional useful work. Heatqout is extracted iso-
chorically by a heat exchanger~cooler!. This happens at con
stant volume (V25V3), bringing the temperature down from
T2 to T3. The pressure drops fromP25(R/V3)T2 to P3
5(R/V3)(T22qout /Cv), where R5Nk, where N is the
number of atoms andk is Boltzmann’s constant. At stage 3-
@Fig. 1~c!#, the gas is compressed isotropically from volum
V3 to volumeV4 requiring ‘‘waste’’ work, and the pressur
becomesP45P1R g/(g21). At stage 4-1@Fig. 1~d!#, heatqin
is added isochorically when the piston is at the top de
center and brings the gas from state (T4 , V4 , P4, andS4) to
state (T1 ,V15V4 , P1, andS1). Note that this isochoric pro-
cess brings the gas back to the starting state (P1 ,V1 ,T1),
and ready to start a new cycle.

Now comes the key step. What if we replace the coo
©2003 The American Physical Society11-1
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FIG. 1. Classical Otto cycle.
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with a high-Q microwave cavity and a laser system th
could extract thermal energy stored in the internal degree
freedom when taking us from thermodynamic states 2 to
Such an engine can properly be called a quantum engine
could, in principle, operate beyond the classical limit. Inde
it does, sinceqout is now partially converted into the emitte
laser energyWl that can do useful work~see Fig. 2!. In the
following, we discuss a possible scheme for such a quan
Otto engine.

We consider the operating gas to consist of three-le
atoms as shown in Fig. 3. The internal atomic states
chosen to be very long lived when the atoms are in f

FIG. 2. General scheme of quantum Otto-cycle engine.
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space. However, the atoms are strongly coupled to the ra
tion field due to the increased density of states of the ra
tion field inside the high-Q microwave and laser cavities
The high-Q microwave cavity is resonant with theub&↔uc&
transition and the laser cavity is resonant with theua&↔ub&
transition.

The role of the microwave cavity at temperatureT3 is to
cool the internal stateub& such that the population from leve
ub& is depleted to leveluc&. The cavity is tuned at the reso
nant frequency corresponding to the atomic transition
tween levelsub& anduc& ~see Fig. 4!. This resonant coupling
between atoms and a thermal reservoir at temperatureT3 is
much stronger than the off-resonant coupling at theua&↔ub&
transition. Thus, the population relaxation rate for levelsub&
and uc& is much faster than for levelsua& and ub& ~but even-
tually all populations at all levels should be at thermal eq
librium at temperatureT3). Adjusting a proper interaction
time inside the cavity, we can obtain that the populations
levels ub& and uc& are in thermal equilibrium at temperatur
T3, but the population in levelua& remains untouched~its
change is negligible!. The heat extracted in this process
qm .

The atoms then enter a laser cavity and are cohere
driven from excited stateua& to ground stateub& by stimu-
lated emission. This results in the coherent buildup of
laser field in the cavity and the emission of energyWl , as
indicated in Figs. 3 and 5. The cold atoms in stateub& then
undergo collisional thermalization, cooling the center-o
1-2
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FIG. 3. The quantum Otto engine that incorporates the high-Q microwave cavity and the laser system follows the cycle comprising
following steps:~a! (1→2) The gas expands isotropically~i.e., no heat in or out!, yielding Wg5Cv(T12T2), whereT25T1 /R as before.
~b! (2→28) High-Q microwave cavity and laser action. The high-Q microwave cavity coupled to the transitionub&2uc& depletes theub&
states, amounting to extraction of heatqm . The laser action involves stimulated emission of energyWl . Both high-Q cavity and laser are a
temperatureT3; ~c! (28→38) Thermalization of the gas to temperatureT38.T3. ~d! (38→3) Isochoric cooling of external degrees o
freedom of gas to temperatureT3. ~e! (3→4) The gas is then compressed isotropically to volumeV45V1, requiring waste workWw

5Cv(T42T3), whereT45T3R. ~f! (4→1) The gas is put in contact with a heat exchanger to bring the gas to the starting state (P1 ,V1 ,T1).

During the heating, the external degrees of freedom absorb heatqin5Cv(T12T4), and internal degrees absorbq̃in5qm1Wl . In the passage
2→28, laser radiation is extracted from the thermal distribution by depleting the lowerub& state populations, much as in lasing witho
inversion~LWI !.
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mass motion. Thus the ‘‘quantum heat exchanger’’ allo
one to practically convert the heat out of the system,qout , by
heat out of a high-Q microwave cavity,qm , combined with
useful work by the laserWl . The specific entropy differenc
of the internal states between points 2 and 3 of Figs. 3 an
is easily calculated, as discussed below.

FIG. 4. Redistribution of the atomic populations in levelsub&
anduc& after passing through a high-Q microwave cavity. The cav-
ity at temperatureT3 is tuned at the resonant frequency correspo
ing to the atomic transition between levelsub& and uc&. This reso-
nant coupling between atoms and a thermal reservoir at temper
T3 is much stronger than the off-resonant coupling at theua&↔ub&
transition. Thus, the atom having distribution of population cor
sponding to temperatureT1 before entering the cavity has the pop
lations in levelsub& and uc& to be in a thermal equilibrium at tem
peratureT3 after the high-Q microwave cavity, and the populatio
in level ua& remains unchanged.
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The laser energy is coherent useful work, whereas
high-Q microwave cavity allows one to dump incohere
heat energy. This distinction is easily understood if we si
ply recall the thermal photon distribution functions inside t
high-Q microwave and laser cavities. The field density m
trix inside the high-Q microwave cavity is given by

r nn
m 5n̄m

n /~ n̄m11!n11, ~1!

where n̄m51/@exp(\nm/kT3)21#, \nm is the energy per
quantum of the microwave field. The density matrix descr
ing the laser field proceeds from an initial thermal sta
which is largest for smalln̄l , to the sharply peaked cohere
distribution. For atoms passing through the cavity at a r
r a , the photon statistics of the cavity radiation fieldr n,n is
governed by the equation

ṙ n,n52r asin2~gtAn!r n,n1r asin2~gtAn11!r n21,n21

2C@ n̄th~2n11!1n#r n,n1Cn̄thnrn21,n21

1C~ n̄th11!~n11!r n11,n11 , ~2!
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FIG. 5. Quantum Otto-engine
thermal cycle.
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whereg is the atom-field coupling constant,t is the interac-
tion time of the atom with the cavity field,C is the cavity
loss parameter, andn̄th is the average number of therm
photons in the cavity at temperatureT3 with no atoms
present. The interaction timet is not fixed and depends o
the velocityv of atoms viat5L/v, whereL is the length of
the cavity. We assume that the interaction time is mu
shorter than all decay rates in the system to justify the
sence of absorption terms in Eq.~2!. The velocity is given by
a Maxwell-Boltzmann distribution and therefore we need
average Eq.~2! over the velocity distribution. For interactio
times that are short compared to the Rabi frequency,
tng!1, we can expand the sine functions in Eq.~2! and
retain only the linear and the saturation terms. Thus, for
laser, Eq.~2! results in

ṙ n,n
( l ) 52@A~n11!2B~n11!2#r n,n

( l ) 1@An2Bn2#r n21,n21
( l )

2C@ n̄th~2n11!1n#r n,n
( l ) 1Cn̄thnrn21,n21

( l )

1C~ n̄th11!~n11!r n11,n11
( l ) , ~3!

whereA5r ag2^t2& is the linear gain andB5r ag4^t4&/6 is
the nonlinear saturation parameter. Here angle brac
^•••& represent an average with respect to the Maxw
Boltzmann velocity distribution. A steady-state solution
Eq. ~3! can be obtained via a detailed balance condition
is given by@10#

r n,n
( l ) 5r 0,0)

l 51

n F A2Bl

C~ n̄th11!
1

n̄th

n̄th11
G . ~4!

This distribution function for photons is peaked at (A
2C)/B.

Having set the stage, we now sketch the thermostatis
analysis and calculateWl and qm microscopically. A com-
plete rigorous calculation requires a quantum theory of
laser-type analysis. However, it is sufficient for the pres
purposes to apply microscopic energy balance condition
obtain expressions for the important quantities.

We assume that atoms bounce many times back and
through the microwave and laser cavities while the gas
moving adiabatically from right to left. Inside the high-Q
microwave cavity, the distribution of populations in leve
ub& anduc& is established in accordance with temperatureT3;
then, the population inversion between levelsua& andub& can
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occur if temperatureT3 is low enough, and this leads t
lasing that eliminates population difference between lev
ua& andub&. After many bounces, the atoms settle down in
the mixed steady state with equal populations in levelsua&
and ub&, i.e.,

rmany~28!5pb
3La1pb

3Lb1~122pb
3!Lc , ~5!

whereLa5ua&^au, a5a, b, and c. However, it is necessa
to mention here that at temperatureT3 ~because of atomic
interaction with the thermal field of the high-Q microwave
cavity!, pa

3 is the probability of the atom being in levela,
and pa

3 is not a thermalized state, and, therefore, does
obey the Boltzmann distribution.

Next, we find an expression for populationpb
3 . As we

noted above, levelsub& anduc& are in thermal equilibrium at
temperatureT3 after passage through the microwave cavi
Thus, it follows from Eq.~5! that

pb
3

pc
3 [

pb
3

122pb
35e2ebc /kT3. ~6!

This gives

pb
35

e2ebc /kT3

112e2ebc /kT3
. ~7!

However, it is instructive to consider another derivati
based on evolution to the steady state via atomic mo
through the high-Q microwave cavity and a laser system
The condition for the steady state is that afterm21@1 in-
teractions with the laser system and high-Q microwave cav-
ity, the initial and final states of the atom do not change
any subsequent cycle. Thus, if an initial state for themth
cycle is determined by populationspb

3 andpc
3 , the final state

is determined by populations@pb
31k(pb

31pc
3)#/2 and (1

2k)(pb
31pc

3) ~see Fig. 6!. The weight parameterk is deter-
mined by the Boltzmann distribution

k

12k
5e2ebc /kT3. ~8!

The steady-state conditions are

pb
35 1

2 @pb
31k~pb

31pc
3!#, ~9!
1-4
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IMPROVING ENGINE EFFICIENCY BY EXTRACTING . . . PHYSICAL REVIEW A67, 053811 ~2003!
and

pc
35~12k!~pb

31pc
3!. ~10!

Conditions~9! and ~10! are fulfilled when

kpc
35~12k!pb

3 . ~11!

Taking a normalization conditionpc
312pb

351 into account
and solving Eqs.~8! and ~11!, we arrive again at Eq.~7!.

We calculateqm by noting that (pa
12pb

3)N atoms go from
a to b, and (pb

12pb
3)N atoms go fromb to c. Thus, on mak-

ing theb→c transition, the total incoherent energy added
the high-Q microwave cavity field by allN atoms is

qm5ebcN@pa
12pb

31pb
12pb

3#. ~12!

Here,pa
i ( i 51 or 38) is the probability of the atom being in

level a at temperatureTi , i.e., pa
i 5Zi

21exp(2biea), where
b i51/kTi andZi5S exp(2biea).

Likewise, Wl is obtained by noting that the number
atoms going froma to b with the coherent emission of lase
radiation isN(pa

12pb
3). Energyeac2ebc is given up by each

atom, and the total coherent energy~i.e., useful work! given
to the laser field is

Wl5~eac2ebc!N~pa
12pb

3!. ~13!

We may calculate the temperature following the la
cooler T38 by noting that, for an ideal gas, any change
internal energy is strictly accounted for by temperatu
alone. Energy balance yields the following equation:

CvT21N(
a

eapa
15CvT381N(

a
eapa

381Wl1qm ,

~14!

which leads to a transcendental equation given by

T385T22N@eac~pa
382pb

3!1ebc~pb
382pb

3!#/Cv . ~15!

It is possible to show that inequalityT38>T3 is always valid.
Now we calculate the efficiency of the quantum Otto e

gine, which is given by

FIG. 6. Transformation of the atomic populations after pass
through laser and high-Q microwave cavity cooling systemmth
time.
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r

e

-

hqo5
Wg2Ww1Wl

qin1qm1Wl
, ~16!

where Wg5Cv(T12T2) is the work done during the ga
expansion, andWw5Cv(T42T3) is the waste work involved
in the isotropic compression. We haveqin5Cv(T12T4), the
heat taken in the isochoric process. We insert the values
Wg , Ww , and qin in Eq. ~8! and use relationsT25T1 /R
and T45T3R ~since V35V2 and V45V1), where R
5(V2 /V1)(g21). The resulting expression for the quantu
Otto-engine efficiency is

hqo5ho1dh, ~17!

where

ho512
1

R ~18!

is the efficiency of the classical Otto engine and

dh5
Wl1~12R!qm

R@Cv~T12T4!1Wl1qm#
~19!

is the modification when the cooler is replaced by a highQ
cavity and a laser system. The quantum efficiency of the O
engine is improved fordh.0. This can happen for a wide
variety of parameters.

For example, we can rewrite Eq.~17! in the form

hqo5ho1
Wl~12ho!2hoqm

qin1Wl1qm
. ~20!

It follows from Eqs.~12! and ~13! that

Wl~12ho!

qmho
5

eab

ebc
F pa

12pb
3

pa
12pb

31pb
12pb

3G F12ho

ho
G . ~21!

We look for the condition when

eab

ebc
F pa

12pb
3

pa
12pb

31pb
12pb

3G F12ho

ho
G.1. ~22!

We suppose that

z5
eab

ebc
F12ho

ho
G.2. ~23!

Then,

pb
3,

~z21!pa
12pb

1

z22
5z8. ~24!

Using Eq.~7!, we finally get

kT3,ebcF lnS 122z8

z8
D G21

. ~25!

e

1-5
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FIG. 7. The QCE operates as follows:~a! (1→2) A hot gas at temperatureT1 expands isothermally absorbing heatqin and doing good
work Wg8 raising a weight as indicated.~b! (2→38) The heat bath is removed and isotropically produces workWg9 . ~c! (38→3) Pistons
move in conjunction so as to slowly move the gas of three-level atoms through the high-Q microwave and laser cavities. Even though t
atomic motion at point 3 is characterized by temperatureT3, we may arrange that the internal atomic degrees of freedom are effect
decoupled from the external center of mass motion. Thus the atom’s internal population is still governed by temperatureT1, and upon
passing through the cold laser~microwave! cavity, coherent~incoherent! radiation is emitted.~d! (3→4) The system is placed in a therm
heat bath, atT3, and compressed to 4; this requires~waste! work Ww8 . Heat energyqout is removed in order to maintain temperatureT3. ~e!
(4→18) Gas is compressed isotropically with waste workWw9 . ~f! (18→1) Internal states are heated by hot cavities at temperatureT1

completing the cycle.
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Thus, if we have a significantly low temperatureT3, we can
improve the efficiency of the Otto engine. In order to sho
that it is possible to improve on the Otto cycle, we ha
performed numerical estimation. Using CO2 molecular gas
under the conditionsT151200 K, T25900 K and using liq-
uid nitrogen as a coolantT3577 K, T45200 K, V2 /V1
51.3, the improvement in efficiency of the quantum O
cycle over the classical Otto cycle is almost 25%. Let us n
that using a coolant at room temperature,T35300 K, de-
creases the efficiency improvement to 18%, but it is s
quite substantial.

III. QUANTUM CARNOT ENGINE

We have found that the efficiency of the quantum O
engine is greater than that of the classical Otto engine.
what, if anything, can we learn from this, as concerns
second law? Is the efficiency of a Carnot-cycle engine
proved by the same process of laser emission via hot exh
atoms? This raises the interesting question of how
present work interfaces with the second law of thermo
namics; since it is well known that the engine efficien
exceeding that of the ideal Carnot cycle is tantamount t
violation of both the Clausius and Kelvin-Planck stateme
of the second law@1,9#. We, now consider a model for suc
a quantum Carnot engine~QCE!.
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In order to present the physics behind the envision
QCE, consider Figs. 7 and 8 in which the working flu
passes through the cycle 123384181. In particular, we extend
the classical Carnot engine to include a laser arrangem
that can extract coherent laser energy from the internal
grees of freedom of the atoms at temperatureT1.

Note that, in Fig. 7~c!, the energy dumped by the high-Q
microwave cavity is denoted byqm . This emphasizes that i
is incoherent heat energy that is being generated, becaus
thermal microwave radiation that brings the atom into a th
mal distribution of populations between theub& and uc&
states contributes an irreversible evolution of the atom i
its new configuration. This is in contrast to the buildup of t
coherent laser field which is useful work. This is summariz
in Fig. 8 where the usualT-S diagram is extended to includ
the emission of laser energyWl and the high-Q microwave
cavity heat energyqm in the passage from 3 to 38.

We turn now to the calculation of the efficiency of th
QCE. As is shown in the following, we find

hqc5hc1
Wl~12hc!2hcqm

Wg81Wl1qm

, ~26!

wherehc512T3 /T1 is the Carnot efficiency. We shall se
1-6



IMPROVING ENGINE EFFICIENCY BY EXTRACTING . . . PHYSICAL REVIEW A67, 053811 ~2003!
FIG. 8. Complete thermal
cycle for QCE.
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that hqc,hc , in agreement with the Carnot theorem th
says thathc is the best we can hope for.

It is interesting to see how the second law is enforc
here. To that end, we proceed with the analysis of the Q
We seek the engine efficiency, defined as

hqc[
Wg82Ww8 1Wl

qin1Wl1qm
, ~27!

and/or

hqc[
qin1q̃in2qout2qm

qin1Wl1qm
, ~28!

where Wg8 and Ww8 are given by NkT1ln(V2 /V1) and
NkT3ln(V2 /V1) respectively, andN is the total number of the
gas atoms in the engine. We will derive Eq.~26! by two
different methods; the first is a physical thermodynamic
proach, and the second a mathematical thermostatis
analysis.

The physical route to Eq.~26! through Eq.~27! is simple.
The only unknown in Eq.~27! is qin and the only change
from the classical Carnot engine is the extra internal ene
q̃in added in the 18→1 leg of the cycle. WorkWw9 is totally
compensated byWg9 . Thus the energy out,Wg8 , Wl , andqm ,

must come fromqin1q̃in in order to close the cycle, that i
qin1q̃in5Wg81Wl1qm , and inserting this into Eq.~27!
yields Eq.~26!.

The simple physical picture has appeal, but leaves un
swered many questions. For example, will the scheme re
work? Atoms will bounce back and forth through the cavit
many times. What does this do to lasing and relaxation
to the high-Q microwave cavity? What are the actual expre
sions forWl andqm and what are the time scales involve
Where is the entropy going? Furthermore, it is interesting
see how the different pieces of a more complete mathem
cal analysis fit together to allow us to derive Eq.~26! from
Eq. ~28!.

A careful analysis indicates that the calculation ofqm and
Wl is carried out on the same lines as in the preceding
tion for quantum Otto engine and the resulting expressi
are given by Eqs.~12! and ~13!, respectively.

The calculation ofqout is simplified by our choice of
long-lived atoms in which the internal and external degr
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of freedom are decoupled. Thus, the internal states are
spectator states during the 3→4 ~and 4→18) compressions,
so

qout5NkT3ln
V2

V1
5Ww8 , ~29!

just as in the usual Carnot engine.
To calculateqin1q̃in , we note that it contains the energ

Wg8 needed to keep the gas at temperatureT1 during the 1
→2 expansion process as well as energy needed to bring
internal states toT1 as in Fig. 7. The heatq̃in required to take
the atoms fromr(1) to r(3) is N@eac(pa

12pb
3)1ebc(pb

1

2pb
3)#. Hence the total heat intake is given by

qin1q̃in5NkT1ln
V2

V1
1N@eac~pa

12pb
3!1ebc~pb

12pb
3!#.

~30!

We may write the second term in Eq.~30! as

N@eac~pa
12pb

3!2ebc~pa
12pb

3!1ebc~pa
12pb

31pb
12pb

3!#

5Wl1qm , ~31!

where we have used Eqs.~12! and~13!. Substituting Eq.~31!
into Eq. ~30! yields the ‘‘ansahlaulich’’ result

qin1q̃in5NkT1ln
V2

V1
1Wl1qm5Wg81Wl1qm , ~32!

which agrees withqin used in deriving Eq.~26! from Eq.
~27!. Finally, we may use Eq.~32! to write qin1q̃in2qout

2qm5(Wg81Wl1qm)2Ww8 2qm , and, then, we insert this
into Eq.~28! to obtain Eq.~27! and thereforehqc , as before.

We note that the von Neumann entropy per ato
S52kTrr ln r, results from the heating of the internal stat

S~18→1!52k@Sapa
1 ln pa

122pb
3 ln pb

32pc
3 ln pc

3#,
~33!

wherepc
35122pa

3 . The entropyS(18→1) is equal and op-
posite to that removed in the 38→3 high-Q cavity and a
laser energy-entropy extraction process. This is, of cou
the analog of the Carnot statement thatqin /T15qout /T3 for
the external degrees of freedom.

From Eqs.~12! and ~13! we have
1-7
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Wl~12hc!

qmhc
5

eab

ebc
F pa

12pb
3

pa
12pb

31pb
12pb

3G F12hc

hc
G , ~34!

and, sincepa
1 & pb

1 for a hot gas, we may write

Wl~12hc!

qmhc
&

eab

ebc
F12hc

hc
G5

eac2ebc

ebc
F12hc

hc
G . ~35!

But, for lasing, we require

pa
15

expS 2
eac

kT1
D

Z1
.pb

35

expS 2
ebc

kT3
D

112expS 2
ebc

kT3
D ,

which is equivalent toeac /kT1,ebc /kT3 and we may write

eac

ebc
,

T1

T3
. ~36!

Inserting hc5(T12T3)/T1 and Eq.~36! into Eq. ~35! we
find

Wl~12hc!

qmhc
,1. ~37!

Hencehqc,hc , as noted earlier.
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IV. CONCLUSION

Classical thermodynamics deals with classical, larg
ideal, gases often ignoring internal degrees of freedom. T
yields certain limits on the efficiency of heat engines invo
ing such ideal gases. However, real gases also have inte
quantum structure, which, once properly taken into accou
can allow one to improve some aspects of heat engine
eration. In the present paper it is suggested that additio
useful work could be extracted in the form of coherent la
radiation.

In particular, we have shown that the classical Otto h
engine can be improved by an idealized quantum highQ
microwave cavity and a laser system enabling us to ext
useful work from the internal degrees of freedom of a wo
ing three-level gas. We have shown that a classical Ca
heat engine cannot be improved in this way. The pres
analysis focuses on a simple model of engine behavior.
ture work will be directed toward more practical systems a
laboratory demonstrations.
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