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Spectral properties of the one-atom laser

Markus Löffler, Georg M. Meyer, and Herbert Walther
Max-Planck-Institut fu¨r Quantenoptik, Hans-Kopfermann-Strasse 1, D-85748 Garching, Germany

and Sektion Physik, Ludwig-Maximilians-Universita¨t, München, Germany
~Received 27 December 1996!

The spectral properties of a two-level one-atom laser are investigated in a systematic way below and above
threshold. For strong atom-field coupling several different regimes, depending on the pump rate, can be
distinguished. The quantum properties of the one-atom laser lead to multipeaked output and fluorescence
spectra.@S1050-2947~97!06705-X#

PACS number~s!: 42.50.2p, 32.80.2t, 42.55.2f
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I. INTRODUCTION

A single two-level atom strongly coupled to a resonato
one of the most fundamental systems to study the interac
of electromagnetic waves and matter at the quantum le
Corresponding experiments were first performed in the
crowave regime@1# and later extended to the optical regim
@2#. In the present paper we are interested in an atom per
nently interacting with a resonator field at optical freque
cies. Many aspects of similar systems have been investig
such as sub-Poissonian statistics and atom-field correla
@3#, vacuum Rabi splitting@4–11#, multipeaked spectra for a
thermal cavity mode@12#, and a spectrum with a multi
peaked structure for an atom oscillating in a standing-w
cavity @13#. For a micromaser, multipeaked spectra ha
been predicted for both Poissonian@14,15# and regular
@16,17# injection of the atoms.

More recently, one-atom systems have been studied
allow for the buildup of nonclassical laser light in the res
nator mode. All of them have in common that a pum
mechanism excites the atom and provides the energy to d
the system above threshold. For such a one-atom laser
tails of the photon statistics@18–21# and some aspects of th
field dynamics@19,20# have been studied. An experiment
realization in the form of an ion-trap laser has been propo
@22#. The experimental setup envisioned is a single trap
ion that is permanently interacting with the light field.

So far, the spectral properties have been investiga
mostly for the experimental situation of an atomic beam t
versing a cavity, which is driven by a coherent field@7–11#.
The response of the atom-cavity system to this external fi
has been studied. We, on the other hand, are intereste
microscopic laser systems where an external incohe
pump excites the atom. In this case all photons in the re
nator mode are generated by the atom itself. Such a l
system has the advantage of well-controlled conditions: th
is only one atom present, so in contrast to the atomic be
experiments, we are not concerned with fluctuations of
number of atoms@9,11#. Also, the atom-field coupling
strength can be fixed by localizing the atom within t
Lamb-Dicke regime@23#.

In this paper we investigate in detail the spectrum o
two-level one-atom laser in the strong-coupling regime
low and above threshold. Between the parameter region
shows vacuum Rabi splitting and the laser region, a regim
551050-2947/97/55~5!/3923~8!/$10.00
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found that is characterized by a spectrum with several pe
In addition to the frequency of the vacuum Rabi oscillation
sum- and difference-frequency components are genera
By increasing the excitation rate, the system reache
threshold and the spectrum changes drastically. In the l
region the output spectrum shows typical laser characte
tics, and the fluorescence spectrum has the form of a Mol
triplet with a coherent peak at the center frequency.

This paper is organized as follows. In Sec. II we provi
the master equation governing the dynamics of the one-a
laser. The definitions of the output and fluorescence spe
are given in Sec. III. There we also present an overview
the key features in the spectra for a large parameter ra
The spectra below the laser threshold are discussed in d
in Sec. IV and those above threshold in Sec. V. Finally, S
VI gives a summary of the main results.

II. ONE-ATOM LASER

The system under investigation consists of a single tw
level atom that serves as the active medium and is pla
inside a resonator. Figure 1 shows a schematic represent
of the setup. The coupling constantg describes the strengt
of the atom-field interaction. Atomic relaxation with the ra
RAB from the upper leveluA& to the lower leveluB& as well as
cavity decay with the rateA are included. Since we are con
sidering the two-level system as a model also for syste
involving fast pumping via auxiliary levels, we allow th
incoherent pump rateRBA to be larger thanRAB . In the
present paper we are primarily interested in the output sp
trum Sa(v) and the fluorescence spectrumSs(v).

The dynamics of the atom-field density matrixr is gov-
erned by the master equation

]

]t
r5

1

i\
@H,r#1Latomr1Lfieldr5Lr. ~1!

The resonant interaction between the atom and the reson
mode in the dipole and rotating-wave approximation and
the interaction picture is described by the Hamilton opera

H5 i\g~a†s2as†!, ~2!

where the photon creation and annihilation operators area†

anda, respectively. The atomic raising and lowering ope
tors are defined as
3923 © 1997 The American Physical Society
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s†5uA&^Bu, s5uB&^Au. ~3!

Atomic relaxations and incoherent pumping lead to nonu
tary evolution given by

Latomr52
RAB

2
~s†sr1rs†s22srs†!

2
RBA

2
~ss†r1rss†22s†rs!, ~4!

field damping is described by the Liouville operator

Lfieldr52
A

2
~n11!~a†ar1ra†a22ara†!

2
A

2
n~aa†r1raa†22a†ra! ~5!

with the photon damping rateA. As we are interested in th
optical frequency domain, the number of thermal photonn
can be neglected in most cases.

III. OUTPUT AND FLUORESCENCE SPECTRUM

The dynamical properties, such as the spectrum, comp
the picture of the field as drawn by the photon statistics a
thereby, provide additional physical insight. In order to illu
trate that there is, of course, no one-to-one correspond
between the spectral properties and the photon statistics
present in the Appendix four different systems with the sa
photon distribution, but with very different spectra.

Two kinds of spectra are relevant for the present syst
the spectrum of the photons emitted through the cavity m
rors, here called theoutput spectrumSa(v), and the spec-
trum of the photons emitted out the sides of the cavity, h
called thefluorescencespectrumSs(v). They are defined as

FIG. 1. Schematic representation of the setup. A single tw
level atom is placed inside a resonator. The relevant parameter
the atom-field coupling strengthg, the atomic relaxation and pum
ratesRAB andRBA , and the photon damping rateA. The output
spectrumSa(v) and the fluorescence spectrumSs(v) are consid-
ered.
i-

te
d,

ce
we
e

:
r-

e

Sa~v!5E
0

`

dt cos~vt!ga~t!, ~6!

Ss~v!5E
0

`

dt cos~vt!gs~t! ~7!

with the normalized first-order correlation functions

ga~t!5 lim
t→`

^a†~ t1t!a~ t !&

^a†~ t !a~ t !&
5
Tr$a†eLtar~ss!%

Tr$a†ar~ss!%
, ~8!

-
are FIG. 2. Output spectrumSa(v) of the two-level one-atom laser
Darker areas correspond to larger values ofSa(v). Between the
regions showing vacuum Rabi splitting~small RBA! and lasing
~large RBA! additional peaks occur. The parameters areg525,
RAB51, n50 ~in units ofA!.

FIG. 3. Fluorescence spectrumSs(v) of the two-level one-atom
laser. Darker areas correspond to larger values ofSs(v). Vacuum
Rabi splitting, multipeaked spectra, a Mollow triplet, and a narr
peak at center frequency are found for increasingRBA . The param-
eters areg510, RAB51, n50 ~in units ofA!.
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55 3925SPECTRAL PROPERTIES OF THE ONE-ATOM LASER
gs~t!5 lim
t→`

^s†~ t1t!s~ t !&

^s†~ t !s~ t !&
5
Tr$s†eLtsr~ss!%

Tr$s†sr~ss!%
, ~9!

where r (ss) is the atom-field density matrix in the stead
state. With this definition of the spectrum, we have

1

p E
2`

`

dvSa,s~v!51. ~10!

The flux of output photons is given byA^a†a& and the flux
of fluorescence photons byRAB^s†s&.

The spectra presented in this paper are calculated num
cally via Fourier transformation of the correlation function
The latter are obtained by solving Eq.~1! in Fock represen-
tation for steady state and subsequent propagation in
according to Eqs.~8! and ~9!, respectively. The number o
variables can be reduced by considering only the nonvan
ing matrix elements, which couple among themselves.

Figures 2 and 3 show density plots of the output a
fluorescence spectra as an overview for a wide range of
ues for the pump rateRBA . For convenience of notation w
defineD5v2v0 , wherev0 is the frequency of the atomi
transition and the resonator mode andv is the frequency of
the outcoming light. For increasingRBA , regions with very
different spectra can be distinguished. They are identifie
the following paragraphs and discussed in detail in Sec.
for the region below threshold and in Sec. V for the o
above threshold.

The output spectrumSa(v) is illustrated in Fig. 2 for
g525, RAB51, RBA50.01. Throughout this paper all rate
are given in units of the photon damping rateA. The spec-
trum consists of two narrow peaks atD56g if RBA is very
small. This corresponds to the vacuum Rabi splitting. F
larger pump rates, two more peaks arise in between the
former ones and become more and more pronounced. T
positions are atD56g(&21). There are smaller peaks
D56g(&11), which are not shown in Fig. 2. The origi
of these difference- and sum-frequency peaks is discusse
Sec. IV. Eventually, for even larger pump ratesRBA , lasing
takes place and a large peak atD50 occurs.

FIG. 4. Vacuum Rabi splitting in the output spectrumSa(v) for
RBA50.01. The other parameters are the same as in Fig. 2.
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A similar but somewhat different behavior can be fou
in the fluorescence spectrumSs(v), as plotted in Fig. 3 for
g510. Again the pump rate is shown on they axis; here the
scale is logarithmic in order to cover a larger range. For v
smallRBA , the fluorescence and the output spectrum nea
look the same, both showing vacuum Rabi splitting. Arou
RBA51, a multipeaked spectrum with peaks at the sum a
difference frequenciesD56g(&61) can be found as in
the output spectrum. In the fluorescence spectrum, howe
the peaks at the sum frequency are more pronounced. Sim
fluorescence spectra have been obtained in Ref.@12# for a
thermal cavity mode. For larger pump rates a Mollow sp
trum @24# arises. The sidebands are pushed to larger frequ
cies by an increasing pump rate. At the center freque
there is a dip for values ofRBA up to about 10, then a co
herent peak on top of the Mollow triplet shows up. The o
gin of this peak is coherent scattering of the generated la
light by the atom. For even larger pump rates, the la
reaches a second threshold and goes out due to
quenching, as the incoherent pump destroys the coherenc
the laser transition. The onset of this behavior can be see
Fig. 3 aroundRBA5100.

IV. SUM- AND DIFFERENCE-FREQUENCY GENERATION

Figure 4 shows a plot of the output spectrumSa(v) in the
parameter regime, where the vacuum Rabi splitting is do
nant. The fluorescence spectrum is very similar for th
parameters. The physical reason for these peaks can be
derstood in a dressed-state picture such as Fig. 5. If the
no coupling, the statesuB,n& and uA,n21& are degenerate
With the atom-field coupling present, the degeneracy is
moved, leading to an energy difference of 2\gAn between
the dressed statesu6,n&5(uB,n&6uA,n21&)/&. As these
states are the energy eigenstates of the system, the frequ
differences between them show up in both the fluoresce
and the output spectrum. For a very small pump rateRBA ,

FIG. 5. Dressed-state picture illustrating the origin of the su
and difference-frequency peaks. The transitions~1! and ~2! corre-
spond to the vacuum Rabi splitting peaks atv06g. If the mean
photon number is of the order of or larger than 1, a considera
part of the population is in the dressed statesu6,1& and the transi-
tions ~3!–~6! with the frequenciesv06g(&61) are relevant.
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the mean photon number is much smaller than 1. Theref
only the lowest steps of the dressed-state ladder are o
pied. There are two possible transitions to the ground st
namely, ~1! u2,0&→uB,0& and ~2! u1,0&→uB,0& with the
frequenciesv06g, leading to the vacuum Rabi splitting
The transition rates in such a dressed-atom picture are d
mined partly by the atomic relaxation rateRBA , partly by the
photon damping rateA. These processes generate output a
fluorescence photons, respectively. As pointed out in R
@8#, the vacuum Rabi splitting can also be understood cla
cally in terms of a linear-dispersion theory.

Figure 6 shows plots of~a! the output and~b! the fluores-
cence spectrum for a larger pump rate. Compared to Fig
additional peaks are found. In contrast to the vacuum R
splitting, the origin of these peaks is intrinsically connect
to the quantum nature of the light field and cannot be
plained in terms of a classical theory. To illuminate t
physical mechanism leading to peaks at the sum and di
ence frequenciesD5g(An116An), it is again useful to
consider the dressed-state picture of the atom-cavity sys
in Fig. 5. There are four transitions between the sta
u6,n& andu6,n21&. In Fig. 5 they are drawn forn51 and
labeled ~3!–~6!. The corresponding frequencies a
v06g(&61), as can be seen from the schematic.

FIG. 6. Sum- and difference-frequency generation in~a! the
output spectrumSa(v) and ~b! the fluorescence spectrumSs(v).
The pump rate isRBA53, the other parameters are the same as
Fig. 2.
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For a very weak pumpRBA , only the lowest levels
uB,0&, u2,0&, and u1,0& are occupied, therefore only th
transitions~1! and ~2! can be seen in the spectrum. Wi
increasingRBA more of the higher levels are occupied a
more peaks arise. In Ref.@12# similar spectra have bee
found. There the occupation of higher dressed states is du
the presence of thermal photons. As we are primarily int
ested in the optical domain, the number of thermal photon
close to zero for all practical purposes. Instead, we h
introduced an incoherent pump to excite higher dres
states.

The dressed-state considerations made above explain
approximate position of the peaks but not their spec
width. If there were no pumping present, the positions of
levels in Fig. 5 would yield the exact positions of the pea
With a nonvanishing pump rate, the peaks are not o
broadened, but also shifted. Figure 7 illustrates the expla
tion for this effect. The pairs of levelsuB,n& and uA,n21&
(n>1) form a ladder of oscillators with the frequencie
gAn. Incoherent pumping (RBA), atomic relaxation (RAB),
and photon damping (A) couple the rungs of this ladder
therefore the oscillation is driven and damped. Very much
in classical mechanics, this leads to a shift and broadenin
the resonances. Atomic relaxation and incoherent pump
are the same for all rungs, whereas the photon damping
creases withn and the coupling strength is proportional
An. This subtlety has to be taken into account and one
pects that the effective shifts and widths of the resonan
are different for differentn. Of course, it is not the dynamic
of the populations~as Fig. 7 might suggest! that governs the
spectrum but the dynamics of the first off-diagonal of t
field density matrix. The picture of driven, damped ‘‘Ra
oscillators,’’ however, illustrates the mechanism of sum- a
difference-frequency generation and the broadening
shifts of the corresponding peaks.

In order to calculate the exact positions and widths,
analyze the eigenvalues governing the output spectrum
that end we use Eq.~8!, define

n

FIG. 7. The statesuB,n& anduA,n21& (n>1) form a ladder of
‘‘Rabi oscillators,’’ which are coupled by decay~RAB , A! and
pumping (RBA).
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r̃5ar~ss!, ~11!

expandr̃ in terms of the atomic levelsuA&, uB& and photon
number statesun&, un8&,

r̃5 (
L,L8

(
n,n8

r̃LL8
nn8 uL,n&^L,n8u, ~12!

and write the expansion coefficients as a vector:

v5~ r̃BA
0,0 ,r̃BB

0,1 ,r̃AA
0,1 ,r̃AB

0,2 ,r̃BA
1,1 ,r̃BB

1,2 ,

r̃AA
1,2 ,r̃AB

1,3 ,r̃BA
2,2 ,r̃BB

2,3 , . . . )T. ~13!
r

n

n

lin
p

t
in
v
he

n
h

The time evolution ofv is governed, according to Eq.~1!, by

]

]t
v5Mv ~14!

with

M5S B0 C0 0 0 0

A0 B1 C1 0 0

0 A1 B2 C2 0

0 0 A2 B3 C3

� � �

D , ~15!
A05S 0 RBA

0 0

0 0

0 0

D , B05S 2gAB 2g

g 2RBA2A/2D , C05SA 0

0 A& D , ~16!

AN5S 0 0 0 RBA

0 0 0 0

0 0 0 0

0 0 0 0

D , CN5S AN~N11! 0 0 0

0 AN~N12! 0 0

0 0 A~N11! 0

RAB 0 0 AA~N11!~N12!

D , ~17!

and

BN5S 2RAB2A~N21/2! 2gAN11 2gAN 0

gAN11 2gAB2AN 0 2gAN
gAN 0 2gAB2AN 2gAN11

0 gAN gAN11 2RBA2A~N11/2!

D , ~18!
f

ths
f the

en

cy
with gAB5(RAB1RBA)/2. To calculate the eigenvalues fo
the fluorescence spectrum, one can define

r̃5sr~ss!, ~19!

instead of Eq.~11!. This leads to the same matrix equatio
~14! as for the output spectrum.

In Fig. 8 the imaginary parts of the most important eige
values ofM are plotted as a function ofRBA . They deter-
mine the positions of the different peaks. The dashed
represents the position expected from the dressed-state
ture of Fig. 5:~a! g(&21), ~b! g, and ~c! g(&11). For
very small pump ratesRBA , they coincide with the exac
values. With increasing pump rate, there is an increas
deviation from this value, as the pump process leads to le
shifts of the dressed states towards lower frequencies. T
shifts are less pronounced for the vacuum Rabi splitting~b!
than for the higher-order peaks~a! and~c!. In Fig. 9 the real
parts of the same eigenvalues are plotted as a functio
RBA . They determine the widths of the different peaks. T
widths of all peaks increase linearly withRBA . The vacuum
Rabi splitting is most sensitive to this broadening.
-

e
ic-

g
el
se

of
e

For very small pump rates (RBA→0), the eigenvalues o
M @Eq. ~15!# are given by the eigenvalues ofBN and can be
obtained analytically. In particular, the positions and wid
of the vacuum Rabi peaks are given by the eigenvalues o
(232)-matrixB0 :

l1,252
RAB1A

4
6 iAg22 1

4 ~RAB2A!2. ~20!

Therefore, vacuum Rabi splitting only occurs wh
g.uRAB2Au/2. The width is always (RAB1A)/4 indepen-
dent ofg. As has been pointed out in Ref.@6#, this linewidth
is much smaller than the one in free space.

For the lowest-order sum- and difference-frequen
peaks, we get from the (434)-matrixB1

l3,4,5,652
RAB12A

2
6 i F3g22 1

8
~RAB2A!2

6A@3g22 1
8 ~RAB2A!2#22g2G1/2. ~21!
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If g is not too small, the width of these four peaks
A1RAB/2, independent ofg.

For the special caseA5RAB , Eqs. ~20! and ~21! can
be simplified to l1,252A/46 ig and l3,4,5,6523A/2
6 ig(A261), and the peaks are exactly at the positio
which are suggested by the simple dressed-state picture~Fig.
5!. As the analysis for the fluorescence spectrum involves
same matrix equation~14!, the results for the position an
width of the fluorescence peaks are the same as for the
put spectrum.

V. LASING AND MOLLOW SPECTRUM

With an increasing pump rateRBA , a region occurs where
the mean photon number increases linearly and the inten
fluctuations go through a maximum. As discussed in R
@20, 21#, this can be interpreted as a threshold. Above t
threshold laser light with nearly Poissonian statistics is g

FIG. 8. Position of the most important peaks as given by
imaginary part of the eigenvalues governing the spectrum as a f
tion of RBA . The dashed lines correspond to~a! g(&11), ~b! g,
and ~c! g(&21), respectively. The parameters are the same a
Fig. 2.

FIG. 9. Width of the most important peaks as given by t
negative of the real parts of the eigenvalues governing the s
trum. The peaks are approximately at~a! D5g(&11), ~b!
D5g, and ~c! D5g(&21). The parameters are the same as
Fig. 2.
,

e

ut-

ity
s.
s
-

erated. It has been pointed out in Ref.@19# that the output
spectrum in the laser region has a Lorentzian shape an
width decreases with increasing intensity. We here study
output spectrum in a more systematic way, and in addit
the fluorescence spectrum.

In Fig. 10~a! the fluorescence spectrumSs(v) is plotted.
It shows a Mollow-like spectrum with a dip at center fr
quency. The dip has the width of the output spectrum, sho
in the inset of Fig. 10~a!, and can be explained as follows
the photons close to resonance are mostly emitted into
resonant mode of the cavity, therefore there is a hole in
fluorescence spectrum. This is very different from the sit
tion described in Ref.@11#, where a dip in the transmission i
found together with a single peak in the fluorescence. Th
the coupling is weak and the system is in the bad-cav
regime (A@RAB); photons at the center frequency a
mainly coherently scattered and contribute to the fluor
cence, while they are missing in the transmitted light.

If the pump rate is increased, the dip vanishes and ev
tually a narrow coherent peak arises on top of the Moll
spectrum@24# as shown in Fig. 10~b!. This behavior is due to
the fact that with increasing pump rate the number of p
tons in the cavity mode increases. As there are now eno
resonant photons, the hole in the fluorescence spectrum
ishes, and for even higher photon numbers coherent sca
ing of resonant photons leads to a coherent peak. The w

e
c-

in

c-

FIG. 10. Fluorescence spectrumSs(v) for ~a! RBA510 and~b!
RBA520; the other parameters are the same as in Fig. 3. The in
show the corresponding output spectra.
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55 3929SPECTRAL PROPERTIES OF THE ONE-ATOM LASER
of this coherent peak in the fluorescence spectrum is
same as the width of the output spectrum.

The variation of the width as a function ofRBA together
with the mean photon number^a†a& is shown in Fig. 11. The
numerical results for the widths of the two kinds of spect
agree within the thickness of the curve. It can be seen t
the spectrum narrows in the lasing region, where the m
photon number has its maximum. ForRBA.60, the full
width at half maximum~FWHM! is about 0.1. This is 1/10
of the cavity decay rateA and the atomic relaxation rate
RBA .

FIG. 11. FWHM of the coherent peak in the fluorescence sp
trum or of the output spectrum~solid! and mean photon numbe
~dashed!. The parameters areg55, RAB51, n50 ~in units ofA!.

FIG. 12. Fluorescence spectrum for different pump ra
RBA55 ~a!, 10 ~b!, 50 ~c!, and 150~d!. The upper plot shows the
corresponding mean photon number^a†a& and Fano factorF. The
other parameters are the same as in Fig. 11.
e

at
n

If the incoherent pump rate is increased further, t
atomic coherence on the laser transition is destroyed an
second threshold is reached~self-quenching!. The mean pho-
ton number decreases and the output spectrum broaden
well as the coherent peak in the fluorescence spectrum
can be seen in Fig. 11.

Figure 12 shows typical plots of the fluorescence sp
trum for each excitation region together with the me
photon number ^a†a& and the Fano factorF5Š(a†a
2^a†a&)2‹/^a†a&, which measures the intensity fluctuation
The parameters are the same as in Fig. 11. Around the
threshold the spectrum looks like a Mollow spectrum with
dip at center frequency, as shown in Fig. 12~a!. Shortly
above this threshold, a coherent peak shows up instead o
dip ~b!. In the region, where lasing is strongest, this coher
peak dominates the fluorescence spectrum entirely~c!. If the
pumping is so strong that self-quenching takes place,
photon number in the laser mode decreases and the coh
peak becomes smaller compared to the broad incohe
background. In this region the incoherent peaks are bro
ened so much that the sidebands of the triplet are not
solved~d!.

A physical explanation of the Mollow spectrum can b
given with the help of the dressed-state picture of Fig. 5.
the laser region, many rungs of the dressed-state ladde
occupied and the contributions of several decay chan
overlap. With increasing photon numbern, the energy split-
ting of neighboring dressed-state pairs differs only by a sm
amount. For the relevant photon numbersn, it can be ap-
proximated by 2\gA^a†a&, which determines the position o
the sideband peaks. To obtain the widths and heights of
three Mollow peaks, one has to take into account the rates

c-

s

FIG. 13. Different spectra for the same photon distributio
which is shown in the inset. The parameters are given in Table

TABLE I. Parameters for Fig. 13. No entry indicates that t
corresponding parameter could have any value.

Plot g A n RAB RBA

~1! 0 1 0.5
~2! 1 1 0.5 1.5 0.5
~3! 1 1 0.5 0 0
~4! 1 0 1.5 0.5
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cavity damping, atomic decay and pumping as well as qu
tum interferences between different decay channels@25#.

VI. SUMMARY

We have systematically investigated the output and fl
rescence spectrum of a two-level one-atom laser below
above threshold. For small pump rates, the quantum na
of the atom-field interaction leads to several peaks in b
kinds of spectra, corresponding to transitions betwe
dressed states. We have discussed the positions and w
of these peaks under the influence of pumping and re
ation. Larger pump rates drive the system above the la
threshold, leading to a line narrowing in the output spectru
The fluorescence spectrum close to threshold has the for
a Mollow triplet with a dip at the center frequency. Abov
threshold a coherent peak shows up that is due to Rayl
scattering of photons from the generated laser field. In
parameter regime where the lasing is strongest, this cohe
peak dominates the fluorescence spectrum. For very l
pump rates, together with the mean photon number the
herent peak decreases and the peaks of the Mollow tr
merge into a broad incoherent background. While
vacuum Rabi splitting has been demonstrated experimen
in atomic beam experiments, the other interesting feature
the spectra are still to be seen.
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APPENDIX: DIFFERENT SPECTRA
FOR THE SAME PHOTON DISTRIBUTION

It is possible to obtain very different output spectra f
different systems although their photon distributionP(n) is
the same. This is illustrated in Fig. 13 for a thermal distrib
tion. In Table I the parameters are listed, which lead to
thermal distribution with^a†a&50.5 in the steady state
Field damping can be described by the coupling of the ca
mode to a reservoir with the temperatureTfield
52\v0 /$kB ln@n/(n11)#%, wheren is the number of ther-
mal photons. Correspondingly, atomic relaxations a
incoherent pumping can be thought of as originating fro
the coupling to a reservoir with the temperatureTatom
52\v0 /$kB ln@RBA /RAB#%.

The different possibilities correspond to the followin
situations: ~1! No atom is present or the atom does n
couple to the field (g50). The field is damped accordin
to a heat bath at temperatureTfield5T0 . ~2! The atom
couples to the field. The heat bath corresponding to the fi
damping has the same temperature as the reservoir lea
to atomic relaxation: Tatom5Tfield5T0 . In this case
n/(n11)5RBA /RAB . ~3! The atom couples to the field
no atomic relaxation is present. The heat bath corresp
ding to the field damping has the temperatureTfield5T0 .
~4! The atom couples to the field, no field relaxation
present. The reservoir corresponding to the atomic relaxa
has the temperatureTatom5T0 . This example shows that sys
tems with the same statistical steady-state properties
have very different dynamical properties such as the ou
spectrum.
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