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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 highQ microwave cavity and a laser system does not improve the efficiency of a classical Carnot-
cycle heat engine.
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[. INTRODUCTION hot exhaust gas atoms is included. The emitted laser radia-
tion partially replaces the usual coolant.

The laws of thermodynamics were formulated before the Let us first briefly recall how the classical internal com-
advent of quantum mechanics. In recent years, several stutiustion(i.e., the Otto-cycleengine workq9]. Figure 1 de-
ies have been made to examine the viability of these lawgpicts a classical Otto-cycle engine in which a working gas
within the framework of quantum thermodynamits,2]. passes through the cycle 1-2-3-4. In order to prepare for the
These studies are particularly interesting from the point ohext step, where we are going to take advantage of the inter-
view that quantum mechanics, which initially was stimulatednal degree of freedom of the engine fluid, i.e., a gas consist-
by thermodynamics, now provides interesting feedback tang of multilevel atoms or molecules, we consider the setup
thermodynamic$3]. of an Otto-cycle engine consisting of two cylinders. This will

Previous studies in the context of quantum thermodynamallow us to introduce the higl} microwave cavity and laser
ics have already shown how to extract work from a singlesystems in the setup in a natural way. This two-cylinder
thermal reservoir via quantum negentrddy. Stimulated by  setup follows the classical stages of the Otto cycle. In the
the preceding discussion, we have recently reconsidered vafiirst stage 1-ZFig. 1(a)], the gas expands isotropicallie.,
ous aspects of the second law in light of recent developmentso heat in or oytfrom volumeV; to volumeV, (here and
in quantum optics such as cavity QEB] and lasing without  below, T, V, P, and S stand for temperature, volume, pres-
inversion (LWI) [6]. The possibility of obtaining LWI for a sure, and entropy, respectivihydoing useful(good work
system in thermodynamic equilibrium, e.g., in a thermalgiven by Wy=C,(T,—T,), where T,=T,/R, C, is the
Boltzmann distribution of atomic populations, has beenheat capacityR=(V,/V;)? 1, and vy is the ratio of heat
shown[7]. We here extend the ideas of RE8] to show that capacities at constant pressure to constant volume. Then, in
it is indeed possible to improve the efficiency of certain clasthe next stage 2-BFig. 1(b)], we consider gas transfer from
sical heat engines. In particular, we show that the efficiencyne cylinder to another and an isochoric cooling process
of an Otto-cycle heat engine can be improved beyond théi.e., at constant volumelet us underline that transferring
classical limit by adding a higkp microwave cavity and a gas from one cylinder to another plays no role in the classical
laser system that is able to extract coherent laser energy fro@tto cycle, but we include these two cylinders here because
thermally excited atoms. However, this does not violate thet allows us to cool the internal degrees of freedom of the gas
second law of thermodynamics because the system entrofy using a highQ microwave cavity and a laser system, thus
is constantly increasing. We also derive a quantum extensioproducing additional useful work. Hegg,,; is extracted iso-
of the Carnot-cycle engine, along these lines, and show thathorically by a heat exchangésoolen. This happens at con-
such an extension cannot improve the efficiency beyond thstant volume ¥,=V3), bringing the temperature down from
classical Carnot limit. Thus, the validity of the second lawT, to T5. The pressure drops froR,=(R/V3)T, to Pg
remains intact. =(R/IV3)(T,—qout/C,), Where R=Nk, where N is the
number of atoms anklis Boltzmann’s constant. At stage 3-4
[Fig. 1(c)], the gas is compressed isotropically from volume
V3 to volumeV, requiring “waste” work, and the pressure

In this section, we consider a closed-cycle quantum hedtecomesP,=P,R ¥(?~1)_ At stage 4-1Fig. 1(d)], heatq;,
engine and show that its performance can be improved bis added isochorically when the piston is at the top dead
extracting energy via a hig- microwave cavity and a laser center and brings the gas from stalg ( V4, P4, andS,) to
system. In particular, we show that a simple Otto-cycle enstate {T1,V,=V,, Py, andS;). Note that this isochoric pro-
gine, which approximates the operation of the internal comeess brings the gas back to the starting st&e,V1,T,),
bustion gasoline engine and other similar devices, can band ready to start a new cycle.
improved if a simple laser scheme enabling lasing from the Now comes the key step. What if we replace the cooler
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with a highQ microwave cavity and a laser system thatspace. However, the atoms are strongly coupled to the radia-
could extract thermal energy stored in the internal degrees dfon field due to the increased density of states of the radia-
freedom when taking us from thermodynamic states 2 to 3%on field inside the higf® microwave and laser cavities.
Such an engine can properly be called a quantum engine arfhe highQ microwave cavity is resonant with thb)«|c)
could, in principle, operate beyond the classical limit. |ndGECtransiti0n and the laser Cavity is resonant with ta%|b>
it does, sincey,, is now partially converted into the emitted transition.
laser energyV, that can do useful worksee Fig. 2 In the The role of the microwave cavity at temperatdrgis to
following, we discuss a possible scheme for such a quanturgyg) the internal stattb) such that the population from level
Otto engine. _ _ |b) is depleted to levelc). The cavity is tuned at the reso-
We consider the operating gas to consist of three-level,ant frequency corresponding to the atomic transition be-
atoms as shown in Fig. 3. The internal atomic states arg,aen levelgb) and|c) (see Fig. 4 This resonant coupling

chosen to be very long lived when the atoms are in fregonveen atoms and a thermal reservoir at temperatyie

much stronger than the off-resonant coupling at|tje-|b)
1 transition. Thus, the population relaxation rate for levels
Turbine and|c) is much faster than for levels) and|b) (but even-
W tually all populations at all levels should be at thermal equi-
librium at temperaturel';). Adjusting a proper interaction
i W time inside the cavity, we can obtain that the populations in
levels|b) and|c) are in thermal equilibrium at temperature
T3, but the population in levela) remains untoucheits
change is negligible The heat extracted in this process is

am q m

Heat
Exchanger

Cooler

Tin

44 Compressor

The atoms then enter a laser cavity and are coherently
driven from excited statéa) to ground stateb) by stimu-
lated emission. This results in the coherent buildup of the
laser field in the cavity and the emission of enekyy, as
indicated in Figs. 3 and 5. The cold atoms in stdte then

FIG. 2. General scheme of quantum Otto-cycle engine. undergo collisional thermalization, cooling the center-of-

Waste
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FIG. 3. The quantum Otto engine that incorporates the Rigiicrowave cavity and the laser system follows the cycle comprising the
following steps:(a) (1—2) The gas expands isotropicalliye., no heat in or out yielding Wy=C,(T,—T,), whereT,=T, /R as before.
(b) (2—2") High-Q microwave cavity and laser action. The highmicrowave cavity coupled to the transitidb) —|c) depletes theb)
states, amounting to extraction of hegt. The laser action involves stimulated emission of en&kfy Both high<Q cavity and laser are at
temperatureTs; (c) (2'—3') Thermalization of the gas to temperatufé>T;. (d) (3'—3) Isochoric cooling of external degrees of
freedom of gas to temperatuiig. (e) (3—4) The gas is then compressed isotropically to volwhe=V,, requiring waste workW,,
=C,(T,—Tj3), whereT,=T3R. (f) (4—1) The gas is put in contact with a heat exchanger to bring the gas to the startindPstate,T,).
During the heating, the external degrees of freedom absorlygheaC,(T,—T,4), and internal degrees absag=q,,+W, . In the passage
2—2', laser radiation is extracted from the thermal distribution by depleting the Itiwestate populations, much as in lasing without
inversion(LWI).

mass motion. Thus the “quantum heat exchanger” allows The laser energy is coherent useful work, whereas the
one to practically convert the heat out of the systggy;, by  high-Q microwave cavity allows one to dump incoherent
heat out of a high microwave cavityg,,, combined with  heat energy. This distinction is easily understood if we sim-
useful work by the laseW, . The specific entropy difference ply recall the thermal photon distribution functions inside the
of the internal states between points 2 and 3 of Figs. 3 and Bigh-Q microwave and laser cavities. The field density ma-

is easily calculated, as discussed below. trix inside the highQ microwave cavity is given by
. —a Fin= N/ (N 1) &)
Tl b B R T b - .
: oc } T, where n,=1[exptivy,/kT;)—1], 2v,, is the energy per
¢ quantum of the microwave field. The density matrix describ-

ing the laser field proceeds from an initial thermal state,

FIG. 4. Redistribution of the atomic populations in levéts which is largest for smalh,, to the sharply peaked coherent
and|c) after passing through a higl-microwave cavity. The cav- distribution. For atoms passing through the cavity at a rate
ity at temperaturd’; is tuned at the resonant frequency correspond-r ., the photon statistics of the cavity radiation fielg,, is
ing to the atomic transition between levéty and|c). This reso- governed by the equation
nant coupling between atoms and a thermal reservoir at temperature
T5 is much stronger than the off-resonant coupling at|&je-|b)
transition. Thus, the atom having distribution of population corre- -rn,n: —rasinz(gr\/ﬁ)rn'n-krasinz(grx/n-kl)rn_l,n_l
sponding to temperatuf®, before entering the cavity has the popu-

lations in levelgb) and|c) to be in a thermal equilibrium at tem- —C[Rh(2n+ L+n]ron+ Cﬁthn M—1n-1
peratureT 5 after the highQ microwave cavity, and the population _
in level |a) remains unchanged. +C(Ny+ N+ )M psansa, 2
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whereg is the atom-field coupling constant,is the interac- occur if temperaturel; is low enough, and this leads to
tion time of the atom with the cavity field? is the cavity lasing that eliminates population difference between levels
loss parameter, andy, is the average number of thermal |@) and|b). After many bounces, the atoms settle down into
photons in the cavity at temperatui® with no atoms the mixed steady state with equal populations in leve)s
present. The interaction timeis not fixed and depends on and|b), i.e.,

the velocityv of atoms viar=L/v, wherelL is the length of ) 3 3 3

the cavity. We assume that the interaction time is much Pmany(2') =PpAat PpApt(1—2pp)Ac, ®)
shorter than all decay rates in the system to justify the ab- o

sence of absorption terms in E@). The velocity is given by whereA ,=|a)(a|, @=a, b, and c. However, it is necessary
a Maxwell-Boltzmann distribution and therefore we need tol® Mention here that at temperatufg (because of atomic
average Eq(2) over the velocity distribution. For interaction mteractmg with the thermal field of the higQ-microwave
times that are short compared to the Rabi frequency, i.eGavity), p; is the probability of the atom being in level,
ng<1, we can expand the sine functions in E8) and and p2 is not a thermalized state, and, therefore, does not
retain only the linear and the saturation terms. Thus, for th@bey the Boltzmann distribution.

laser, Eq.(2) results in Next, we find an expression for populati(prz. As we
_ noted above, leveld) and|c) are in thermal equilibrium at
r{) =—[A(n+1)-B(n+1)2r) +[An—Bn2r{), _; temperatureT; after passage through the microwave cavity.

_ | — Thus, it follows from Eq.(5) that
—Clnp(2n+1)+nlr{h+Cngnrl oy

3 3
_ Po Po _
| il — €pc/KT:

+C(niy+ D+ Dy, ®) - 1aps & (©)

whereA=r,g%(7?) is the linear gain an®=r,g*(7*)/6 is N
. : This gives

the nonlinear saturation parameter. Here angle brackets
(---) represent an average with respect to the Maxwell- o ebc/kTs
Boltzmann velocity distribution. A steady-state solution of Pl 7
Eq. (3) can be obtained via a detailed balance condition and 14 2e ebe/kTs

is given by[10

? yiol However, it is instructive to consider another derivation
based on evolution to the steady state via atomic motion

: (4)  through the high® microwave cavity and a laser system.

The condition for the steady state is that after 1>1 in-

teractions with the laser system and hi@hmicrowave cav-

ity, the initial and final states of the atom do not change for

n

A—BI Neh
— + =
C(np+1) nyp+1

h _
r%,’n—ro,o
=1

This distribution function for photons is peaked aA (

~C)/B. any subsequent cycle. Thus, if an initial state for thih

Having set the stage, we now sketch the thermostatistic ) . . 3 '
analysis and calculate/, and g,, microscopically. A com-  CYcle is determined by populatiopss andp, the final state

plete rigorous calculation requires a quantum theory of théS detesrmlnsed by p_opulahonEpﬁj— x(pa+ P12 and (1
laser-type analysis. However, it is sufficient for the present «)(Pp+Pg) (see Fig. 6. The weight parametex is deter-
purposes to apply microscopic energy balance conditions tfined by the Boltzmann distribution

obtain expressions for the important quantities.

We assume that atoms bounce many times back and forth K e enc/kTs ®)
through the microwave and laser cavities while the gas is 1-« '
moving adiabatically from right to left. Inside the high-
microwave cavity, the distribution of populations in levels The steady-state conditions are
|b) and|c) is established in accordance with temperafiye 3 1. 3 s 3
then, the population inversion between levielsand|b) can Po=z2[Pp+ x(Pp+ P, 9
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p%—-—a “/e\’; pi+a p%+a oo™ Qin+qm+WI, (16)

P \S/ pi_._zé K(Pb+Pc)+zé
e (Do T L] (1—N)(P§+P§)+(a) where W,=C,(T;—T,) is the work done during the gas

Laser

& expansion, andlV,,=C,(T,— T3) is the waste work involved
2[][,PL,,;(Z,I)JF )]_._a /T - [ Ba in the isotropic compression. We hagg=C,(T,—T,), the

Lpd + w0 + 2] ddo-- . . 245 heat taken in the isochoric process. We insert the values for
7(1b—'~t)(p:+1oc) :Ié \S/ = (1—'~Z (pb§+pcc+b Wy, W,,, andqj, in Eq. (8) and use relationd,=T,/R

— (b) and T,=T3R (since V3=V, and V,=V;), where R

=(V,/V,)"" 1. The resulting expression for the quantum
FIG. 6. Transformation of the atomic populations after passagetto-engine efficiency is

through laser and higp microwave cavity cooling systermth

and where
pe=(1—x)(pp+pd). (10) 1
’ v 70=1- 7 (18)

Conditions(9) and (10) are fulfilled when
is the efficiency of the classical Otto engine and
Kkp3=(1=r)py. (11)
WI + (1_ R)qm

Taking a normalization conditiop>+2p2=1 into account o= RIC,(T1—T4)+W,+ ]
and solving Eqgs(8) and(11), we arrive again at Eq7).

We calculateg,, by noting that p1—p2)N atoms go from is the modification when the cooler is replaced by a h@gh-
atob, and (;—pg)N atoms go fromb to c. Thus, on mak- ~ cavity and a laser system. The quantum efficiency of the Otto
ing theb— c transition, the total incoherent energy added toengine is improved fo67>0. This can happen for a wide

the highQ microwave cavity field by alN atoms is variety of parameters.
For example, we can rewrite E¢L7) in the form

(19

Am= €ncN[ P2~ P5+P5—Pp)- (12)
" ¢ 2 _ Wi(1—10) = 7o0m (20
Here,p., (i=1 or 3') is the probability of the atom being in "Tao™ 7o Qin+W,+ 0,
level « at temperaturd;, i.e., p,=Z; ‘exp(—Be,), where
B.=1KkT, andZ,=3 exp(—Be,). It follows from Egs.(12) and(13) that
Likewise, W, is obtained by noting that the number of 1 3
atoms going froma to b with the coherent emission of laser Wi(1—70) _ €ap Pa—Pb 11, (21
radiation isN(p.— p;). Energye,.— €y is given up by each Am70 €nc| pl-p3+pi-p3|l 70 |
atom, and the total coherent enel@e., useful work given
to the laser field is We look for the condition when
W= (€ac— endN(P3— Pp).- (13 ew|  PE-PE [[1-7
— >1. (22
- €vc| pi—pi+pi—pal 7o
We may calculate the temperature following the laser a Fb ' Fb b
cooler T3, by noting that, for an ideal gas, any change in
internal energy is strictly accounted for by temperature We suppose that
alone. Energy balance yields the following equation: ex[1-7
-2 °1>2. (23
1 3 €pcl "o
CUT2+ NE Gapa:CUT3/+NE Gapa +W|+qm,
@ @ Then,
(14
_ 1_
which leads to a transcendental equation given by pg<(§?#: ’ (24)
T _ 3 _ .3 3’3
TS’_TZ N[Eac( pa pb)+ e‘bc(pb pb)]/cv . (15) Using EC](7), we flnaIIy get
It is possible to show that inequalifyy, =Tj is always valid. 11
! 1-2¢
Now we calculate the efficiency of the quantum Otto en- KT5< €y I (25)
gine, which is given by 4
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FIG. 7. The QCE operates as follows) (1—2) A hot gas at temperatui®, expands isothermally absorbing hegt and doing good
work Wé raising a weight as indicatedb) (2—3’) The heat bath is removed and isotropically produces wugk (c) (3'—3) Pistons
move in conjunction so as to slowly move the gas of three-level atoms through th&hghrowave and laser cavities. Even though the
atomic motion at point 3 is characterized by temperafiyewe may arrange that the internal atomic degrees of freedom are effectively
decoupled from the external center of mass motion. Thus the atom’s internal population is still governed by tempgratndeupon
passing through the cold las@nicrowave cavity, coherentincoherenk radiation is emitted(d) (3—4) The system is placed in a thermal
heat bath, al;, and compressed to 4; this requitesste work W,, . Heat energyj,, is removed in order to maintain temperatdrge (€)
(4—1") Gas is compressed isotropically with waste wai, . (f) (1'—1) Internal states are heated by hot cavities at temperdture
completing the cycle.

Thus, if we have a significantly low temperaturg, we can In order to present the physics behind the envisioned
improve the efficiency of the Otto engine. In order to showQCE, consider Figs. 7 and 8 in which the working fluid
that it is possible to improve on the Otto cycle, we havepasses through the cycle 1233'1. In particular, we extend
performed numerical estimation. Using €@olecular gas the classical Carnot engine to include a laser arrangement
under the condition¥;=1200 K, T,=900 K and using lig- that can extract coherent laser energy from the internal de-
uid nitrogen as a coolant;=77 K, T,=200 K, V,/V;  grees of freedom of the atoms at temperaflife

=1.3, the improvement in efficiency of the quantum Otto  Note that, in Fig. ), the energy dumped by the high-
cycle over the classical Otto cycle is almost 25%. Let us notenicrowave cavity is denoted hy;,. This emphasizes that it
that using a coolant at room temperatufe=300 K, de- isincoherent heat energy that is being generated, because the
creases the efficiency improvement to 18%, but it is stillthermal microwave radiation that brings the atom into a ther-

quite substantial. mal distribution of populations between thb) and |c)
states contributes an irreversible evolution of the atom into
IIl. QUANTUM CARNOT ENGINE its new configuration. This is in contrast to the buildup of the

coherent laser field which is useful work. This is summarized

We have found that the efficiency of the quantum Ottoin Fig. 8 where the usudl-S diagram is extended to include
engine is greater than that of the classical Otto engine. Buhe emission of laser energly, and the highQ microwave
what, if anything, can we learn from this, as concerns thecavity heat energyy,, in the passage from 3 to’'3
second law? Is the efficiency of a Carnot-cycle engine im- We turn now to the calculation of the efficiency of the
proved by the same process of laser emission via hot exhaugICE. As is shown in the following, we find
atoms? This raises the interesting question of how the
present work interfaces with the second law of thermody-

namics; since it is well known that the engine efficiency Wi(1=7¢) = 7¢0m

exceeding that of the ideal Carnot cycle is tantamount to a L/ W+ Wt ' (26)
violation of both the Clausius and Kelvin-Planck statements g 177 G

of the second law1,9]. We, now consider a model for such

a quantum Carnot engin&@CE). where ,=1—T3/T, is the Carnot efficiency. We shall see
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that 7q.<7., in agreement with the Carnot theorem thatof freedom are decoupled. Thus, the internal states are just
says thaty is the best we can hope for. spectator states during the-34 (and 4—1") compressions,

It is interesting to see how the second law is enforcedso
here. To that end, we proceed with the analysis of the QCE.

We seek the engine efficiency, defined as Gou=NKT,In $=W§V (29)
W~ W+ W, o ’
Nqc= FARRTYS (27)  just as in the usuaI~Carnot engine. . .
n ! To calculateg;, + q;, , We note that it contains the energy
and/or Wé needed to keep the gas at temperafyeduring the 1
— 2 expansion process as well as energy needed to bring the
B Qin+ 9in— Yout— Am internal states td; as in Fig. 7. The heat;, required to take

(28 the atoms fromp(1) to p(3) is N[ exc(pi—pd)+ epc( Pl

e Qin+WI+Qm , 3 i . .
—pp)]. Hence the total heat intake is given by

where Wy and W, are given by NkT;In(V,/V;) and Vv
NKkTsIn(V2/V,) respectively, andN is the total number of the g 174 = NKT,In— + N[ e,(pi— p3) + epc(PE—pD)1.
gas atoms in the engine. We will derive E@6) by two \%1 é
different methods; the first is a physical thermodynamic ap- (30
proach, and the second a mathematical thermostatistic
analysis.

The physical route to E426) through Eq.(27) is simple. N[Eac(p;_ pg) — epel p;_ pg) + epel p;_ pg‘+ ptl)_ pg)]
The only unknown in Eq(27) is q;, and the only change
from the classical Carnot engine is the extra internal energy =W, +0am, (32)

Qin added in the 1—1 leg of the cycle. Work/\V;, is totally \yhere we have used Eq4.2) and(13). Substituting Eq(31)
compensated by . Thus the energy outy,, W;, andd,, into Eq. (30) yields the “ansahlaulich” result
must come fromg;,+q;, in order to close the cycle, that is Vv
Qint Gin=Wg+W;+dy, and inserting this into Eq(27) Qi+ Gin=NKT,In—> + W+ =Wy + W+ 0, (32
yields Eq.(26). Vi

The simple physical picture has appeal, but leaves unang.- agrees withy,, used in deriving Eq(26) from Eq.

swered many questions. For example, will the scheme reallk/2 Finall Eq32) t it LT
work? Atoms will bounce back and forth through the cavities g) N I(r:/?/’ilivv\\;irga)y uvsvej g( )ar? thrrI1:nq“\1/veqiir?se?t0#1is
m— g | m) — Ww ™ Um> ) ,

many times. What does this do to lasing and relaxation due '
to the high©Q microwave cavity? What are the actual expres-Nt@ Eq.(28) to obtain Eq/(27) and thereforey,, as before.
sions forW, andq,, and what are the time scales involved? _ e note that the von Neumann entropy per atom,
Where is the entropy going? Furthermore, it is interesting to>— — K17p In p, results from the heating of the internal states
see how the different pieces of a more complete mathemati- / _ 1 1_ 903 n3_n3inn3
cal analysis fit together to allow us to derive Eg6) from S(1'—=1)=—k[ZapaInpP,—2py INPy—PcInpcl, -
Eqg. (28).

A careful analysis indicates that the calculatiorggfand wherepiz 1—2p§. The entropyS(1’—1) is equal and op-
W, is carried out on the same lines as in the preceding segosite to that removed in the’3+3 high-Q cavity and a
tion for quantum Otto engine and the resulting expressionsaser energy-entropy extraction process. This is, of course,
are given by Eqs(12) and(13), respectively. the analog of the Carnot statement that/ T, = qoy/ T3 for

The calculation ofq,,; is simplified by our choice of the external degrees of freedom.
long-lived atoms in which the internal and external degrees From Eqgs.(12) and (13) we have

%e may write the second term in EO) as
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Wi(1=7c) €|  Pa=Pp {1—770} 34
Am7c €bc pé— pg+ p%—pg e |
and, sincep’ < p; for a hot gas, we may write
W (1— €ap| 1— €qc— €Epc| 1—
i 7c) Sib e _ Cac” €be ﬂc}. (35)
Am7c €bcl ¢ €bc 7Nc

But, for lasing, we require

exp( _ E) exp( _ ﬂ)
L KT, i KT

a~ Zl Pp=

Ebe
kT;

1+2exp<—

which is equivalent ta,./kT;<e,./kT; and we may write

€ac 11

. 36
€pc I3 36

Inserting .= (T,1—T3)/T; and Eq.(36) into Eq. (35 we
find
Wi(1— 1)

<1. 3
Am7c S

Hencenq.< 7., as noted earlier.

PHYSICAL REVIEW A 67, 053811 (2003

IV. CONCLUSION

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

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