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Spectral properties of the one-atom laser
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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[S1050-294{®7)06705-X|

PACS numbes): 42.50—p, 32.80-t, 42.55—f

[. INTRODUCTION found that is characterized by a spectrum with several peaks.
In addition to the frequency of the vacuum Rabi oscillations,
A single two-level atom strongly coupled to a resonator issum- and difference-frequency components are generated.
one of the most fundamental systems to study the interactioBy increasing the excitation rate, the system reaches a
of electromagnetic waves and matter at the quantum levefhreshold and the spectrum changes drastically. In the laser
Corresponding experiments were first performed in the mifegion the output spectrum shows typical laser characteris-
crowave regiméd1] and later extended to the optical regime tics, and the fluorescence spectrum has the form of a Mollow
[2]. In the present paper we are interested in an atom permadplet with a coherent peak at the center frequency.
nently interacting with a resonator field at optical frequen-  This paper is organized as follows. In Sec. Il we provide
cies. Many aspects of similar systems have been investigatdéfe master equation governing the dynamics of the one-atom
such as sub-Poissonian statistics and atom-field correlatiof@ser. The definitions of the output and fluorescence spectra
[3], vacuum Rabi splitting4—11], multipeaked spectra for a are given in Sec. Ill. There we also present an overview of
thermal cavity mode[12], and a spectrum with a multi- the key features in the spectra for a large parameter range.
peaked structure for an atom oscillating in a standing-wavé-he spectra below the laser threshold are discussed in detail
cavity [13]. For a micromaser, multipeaked spectra haveln Sec. IV and those above threshold in Sec. V. Finally, Sec.
been predicted for both Poissonidi4,15 and regular VI gives a summary of the main results.
[16,17) injection of the atoms.
More recently, one-atom systems have been studied that Il. ONE-ATOM LASER

allow for the buildup of nonclassical laser light in the reso- The system under investigation consists of a single two-

nator mode. All of them have in common that a PUMP o6l atom that serves as the active medium and is placed
mechanism excites the atom and provides the energy to drive P

the system above threshold. For such a one-atom laser dIé'I_Side a resonator. Figure 1 shows a schematic representation
tails of the photon statistid48—21] and some aspects of the of the setup..The. coupllng consta@idescnbgs th? strength
field dynamics[19,20 have been studied. An experimental of the atom-field interaction. Atomic relaxation with the rate
realization in the form of an ion-trap laser has been proposegAB,tfro dm the U%Eetrr]levealtlg) to the IIO v;e;legelB) as well as

[22]. The experimental setup envisioned is a single trappe&%v'y etc:haym | elra tare inciude .d |Inc1|a WE; are cc;n-
ion that is permanently interacting with the light field. sidering the IWo-levet system as a model aiso for systems

So far, the spectral properties have been investigate-ﬁwowing fast pumping via auxiliary levels, we allow the

mostly for the experimental situation of an atomic beam tra_mcoherent pump rai®ga to be larger tharRag. In the

versing a cavity, which is driven by a coherent figf-11], present paper we are primarily interested in the output spec-
The response of the atom-cavity system to this external fielf u_rlr_thanw) an(_j theffilrjlorefcenfc.eljpdectrt.&?p(w).t o

has been studied. We, on the other hand, are interested in deb ytT‘amlcs? e afm- 1€ld- density matpxs gov-
microscopic laser systems where an external incohererft€d Py the master equation

pump excites the atom. In this case all photons in the reso- P 1

nator mode are generated by the atom itself. Such a laser 5P [H,p]+ LaonP + Liielsp = Lp. (]
system has the advantage of well-controlled conditions: there

is only one atom present, so in contrast to the atomic beamy, o resonant interaction between the atom and the resonator
experiments, we are not concerned with fluctuations of th‘?node in the dipole and rotating-wave approximation and in

number - of atoms_[9,11]. Also, _th_e atom-field cqupling the interaction picture is described by the Hamilton operator
strength can be fixed by localizing the atom within the

Lamb-Dicke regimd23]. H=itg(a'c—ac"), 2)

In this paper we investigate in detail the spectrum of a
two-level one-atom laser in the strong-coupling regime bewhere the photon creation and annihilation operatorsaire
low and above threshold. Between the parameter region thainda, respectively. The atomic raising and lowering opera-
shows vacuum Rabi splitting and the laser region, a regime itors are defined as

1050-2947/97/56)/39238)/$10.00 55 3923 © 1997 The American Physical Society



3924 MARKUS LOFFLER, GEORG M. MEYER, AND HERBERT WALTHER 55

15
10
-
(2]
o
5
0 @ @
Sy (w) 40 30 20 10 0 10 20 30 40

A

FIG. 1. Schematic representation of the setup. A single two-
level atom is placed inside a resonator. The relevant parameters are 5 » Output spectrurB, (o) of the two-level one-atom laser
the atom-field coupling strength, the atomic relaxation and pump Darker areas correspond to larger valuesSgfw). Between the

ratesRap andRga, and the photon damping rafe. The output regions showing vacuum Rabi splittingmall Rgs) and lasing
spectrumS,(w) and the fluorescence spectr®8y(w) are consid- (large Rg,) additional peaks occur. The parameters gre25,

ered. Rag=1, v=0 (in units of A).

a'=|AXB|, o=|B)Al. 3 .
) ) ) ) ) Sa(w)ZJ dr codwr)ga(7), (6)
Atomic relaxations and incoherent pumping lead to nonuni- 0
tary evolution given by

Rag So’(w):f dr cofw7)g,(7) 0
Latonp =~ (c'op+pota—20pa’) 0

R with the normalized first-order correlation functions
_ _BA t t_o
5 (oco'ptpoo'—20"po), (4) (a'(t+ r)a(t)) _Tr{aTeﬁTap(Sg}

Oa(7) =M = Daty — Tralap™)

®

field damping is described by the Liouville operator

A 100
Liewr=— 5 (v+ 1)(a'ap+pata—2apa’)

A t t_oat A
-3 v(aa'p+paa'—2a'pa) (5 [
10 I
with the photon damping rat&. As we are interested in the /A
optical frequency domain, the number of thermal photens ‘
can be neglected in most cases. f ‘
Ill. OUTPUT AND FLUORESCENCE SPECTRUM |
The dynamical properties, such as the spectrum, complete

the picture of the field as drawn by the photon statistics and,
thereby, provide additional physical insight. In order to illus-

trate that there is, of course, no one-to-one correspondence 0.1
between the spectral properties and the photon statistics, we 75 -50
present in the Appendix four different systems with the same

photon distribution, but with very different spectra.

Two kinds of spectra are relevant for the present system: giG. 3. Fluorescence spectrup(w) of the two-level one-atom
the spectrum of the photons emitted through the cavity miraser. Darker areas correspond to larger values, 6). Vacuum
rors, here called theutputspectrumS,(w), and the spec- Rabi splitting, multipeaked spectra, a Mollow triplet, and a narrow
trum of the photons emitted out the sides of the cavity, hergeak at center frequency are found for increastag. The param-
called thefluorescenceaspectrumS,(w). They are defined as eters arggy=10, Ryg=1, »=0 (in units of A).

Rpa
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FIG. 4. Vacuum Rabi splitting in the output spectr@g{w) for

Rsa=0.01. The other parameters are the same as in Fig. 2. FIG. 5. Dressed-state picture illustrating the origin of the sum-

and difference-frequency peaks. The transitighsand (2) corre-

- (o (t+Da(t)) Tro'et opss} spond to the vacuum Rabi splitting peaksaaf=g. If the mean
go(7)=lim (UT(t)(r(t)> = Tr{chcr (ss)} . 9 photon number is of the order of or larger than 1, a considerable
o P part of the population is in the dressed stdtesl) and the transi-

tions (3)—(6) with the frequenciesy+g(v2=1) are relevant.
where p(®9 is the atom-field density matrix in the steady
state. With this definition of the spectrum, we have A similar but somewhat different behavior can be found
in the fluorescence spectrug)(w), as plotted in Fig. 3 for
1 (= g=10. Again the pump rate is shown on thexis; here the
p f wdwsa,o’(w) =1. (100 scale is logarithmic in order to cover a larger range. For very
small Rg, , the fluorescence and the output spectrum nearly
look the same, both showing vacuum Rabi splitting. Around
The flux of output photons is given b(a'a) and the flux Rg,=1, a multipeaked spectrum with peaks at the sum and
of fluorescence photons (o 'o). difference frequencied = +g(v2+1) can be found as in

The spectra presented in this paper are calculated numethe output spectrum. In the fluorescence spectrum, however,
cally via Fourier transformation of the correlation functions. the peaks at the sum frequency are more pronounced. Similar
The latter are obtained by solving E@) in Fock represen-  fluorescence spectra have been obtained in Ré& for a
tation for steady state and subsequent propagation in timgermal cavity mode. For larger pump rates a Mollow spec-
according to Eqs(8) and (9), respectively. The number of trum[24] arises. The sidebands are pushed to larger frequen-
variables can be reduced by considering onIy the nonvanislties by an increasing pump rate. At the center frequency
ing matrix elements, which couple among themselves. there is a dip for values dRg, up to about 10, then a co-

Figures 2 and 3 show density plots of the output ancherent peak on top of the Mollow triplet shows up. The ori-
fluorescence spectra as an overview for a wide range of vagjin of this peak is coherent scattering of the generated laser
ues for the pump ratBg, . For convenience of notation we |ight by the atom. For even larger pump rates, the laser
defineA=w—wq, Wherewy is the frequency of the atomic reaches a second threshold and goes out due to self-
transition and the resonator mode ands the frequency of quenching, as the incoherent pump destroys the coherence on
the outcoming light. For increasirigg, , regions with very the laser transition. The onset of this behavior can be seen in
different spectra can be distinguished. They are identified ifFig. 3 aroundRg,= 100.
the following paragraphs and discussed in detail in Sec. IV
for the region below threshold and in Sec. V for the one,, gym- AND DIFFERENCE-FREQUENCY GENERATION
above threshold.

The output spectrun®,(w) is illustrated in Fig. 2 for Figure 4 shows a plot of the output spectr@gfw) in the
g=25, Rag=1, Rga=0.01. Throughout this paper all rates parameter regime, where the vacuum Rabi splitting is domi-
are given in units of the photon damping r#e The spec- nant. The fluorescence spectrum is very similar for these
trum consists of two narrow peaks &At= =g if Rga is very  parameters. The physical reason for these peaks can be un-
small. This corresponds to the vacuum Rabi splitting. Forderstood in a dressed-state picture such as Fig. 5. If there is
larger pump rates, two more peaks arise in between the twoo coupling, the statel8,n) and|A,n—1) are degenerate.
former ones and become more and more pronounced. Theiith the atom-field coupling present, the degeneracy is re-
positions are at\ = +¢(v2—1). There are smaller peaks at moved, leading to an energy difference df@/n between
A=+g(v2+1), which are not shown in Fig. 2. The origin the dressed statés,n)=(|B,n)=|A,n—1))/v2. As these
of these difference- and sum-frequency peaks is discussed siates are the energy eigenstates of the system, the frequency
Sec. IV. Eventually, for even larger pump rafg,, lasing  differences between them show up in both the fluorescence
takes place and a large peakat0 occurs. and the output spectrum. For a very small pump Rgg,
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umpin .
oo pumping Rga)
3
oS For a very weak pumpRg,, only the lowest levels

004y |B,0), |—,0), and|+,0) are occupied, therefore only the

transitions(1) and (2) can be seen in the spectrum. With
increasingRg, more of the higher levels are occupied and
more peaks arise. In Refl2] similar spectra have been
0.00 . ) , , found. There the occupation of higher dressed states is due to
-150 -100 -50 0 50 100 150 the presence of thermal photons. As we are primarily inter-
A ested in the optical domain, the number of thermal photons is
close to zero for all practical purposes. Instead, we have
FIG. 6. Sum- and difference-frequency generation@ the  jntroduced an incoherent pump to excite higher dressed
output spectruns,(w) and (b) the fluorescence spectrugy(w). states.
The pump rate iRg,=3, the other parameters are the same as in - Thg gressed-state considerations made above explain the
Fig. 2. approximate position of the peaks but not their spectral
width. If there were no pumping present, the positions of the
the mean photon number is much smaller than 1. Therefordevels in Fig. 5 would yield the exact positions of the peaks.
only the lowest steps of the dressed-state ladder are occWith a nonvanishing pump rate, the peaks are not only
pied. There are two possible transitions to the ground statdroadened, but also shifted. Figure 7 illustrates the explana-
namely, (1) |—,0)—|B,0) and (2) |+,0)—|B,0) with the tion for this effect. The pairs of level$,n) and|A,n—1)
frequencieswy+g, leading to the vacuum Rabi splitting. (n=1) form a ladder of oscillators with the frequencies
The transition rates in such a dressed-atom picture are detag~/n. Incoherent pumpingRg,), atomic relaxation Rag),
mined partly by the atomic relaxation ré@g, , partly by the  and photon dampingA) couple the rungs of this ladder;
photon damping rat&. These processes generate output andherefore the oscillation is driven and damped. Very much as
fluorescence photons, respectively. As pointed out in Refin classical mechanics, this leads to a shift and broadening of
[8], the vacuum Rabi splitting can also be understood classihe resonances. Atomic relaxation and incoherent pumping
cally in terms of a linear-dispersion theory. are the same for all rungs, whereas the photon damping in-
Figure 6 shows plots dfa) the output andb) the fluores- creases witm and the coupling strength is proportional to
cence spectrum for a larger pump rate. Compared to Fig. 4/n. This subtlety has to be taken into account and one ex-
additional peaks are found. In contrast to the vacuum Ralypects that the effective shifts and widths of the resonances
splitting, the origin of these peaks is intrinsically connectedare different for differenn. Of course, it is not the dynamics
to the quantum nature of the light field and cannot be exof the populationgas Fig. 7 might suggesthat governs the
plained in terms of a classical theory. To illuminate thespectrum but the dynamics of the first off-diagonal of the
physical mechanism leading to peaks at the sum and diffeffield density matrix. The picture of driven, damped “Rabi
ence frequencied =g(y/n+1%n), it is again useful to oscillators,” however, illustrates the mechanism of sum- and
consider the dressed-state picture of the atom-cavity systedifference-frequency generation and the broadening and
in Fig. 5. There are four transitions between the stateshifts of the corresponding peaks.
|+,n) and|=,n—1). In Fig. 5 they are drawn fan=1 and In order to calculate the exact positions and widths, we
labeled (3)-(6). The corresponding frequencies are analyze the eigenvalues governing the output spectrum. To
wp*=g(v2*1), as can be seen from the schematic. that end we use E(@8), define

0.02 |
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p=ap's9, (1D The time evolution ob is governed, according to E(fl), by
expandp in terms of the atomic levelgA), |B) and photon 9 v=Mop (14)
number stategn), [n’), ot
- —_nn with
p=2 2 PrulLanyLn], (12
L.L' nn' Bp C, 0 O O
and write the expansion coefficients as a vector: Ao B C; 0 O
00 ~01 ~01 ~05 ~11 ~ M=| 0 A, B, C, O , 15
v=(PgR PRE PN PAB PBA PBR Lo 19
0 0 A, By Cj
PanPAB PoaPass - ) (13 S
0 Rga
A 0 0 B ~ YaB -9 A O 1
1o o] | g —Rga—-AR Co=lo ava)t (16
0O O
0 0 0 Rga JN(N+1) 0 0 0
000 O . 0 JIN(N+2) 0 0
A = s = , 1
N"1o o0 o o N 0 0 A(N+1) 0 7
000 O Rag 0 0 AVIN+1)(N+2)
and
—Rpg—AN-1/2) —gJyN+1  —gyN 0
5 gVN+1 ~ s~ AN 0 -g\N .
" gVN 0 —yae—AN  —gyN+1
0 gJN gyN+1  —Rga—A(N+1/2

For very small pump rateRg,—0), the eigenvalues of
M [Eg. (15)] are given by the eigenvalues Bf, and can be
obtained analytically. In particular, the positions and widths
of the vacuum Rabi peaks are given by the eigenvalues of the
(2X2)-matrix By:

instead of Eq(11). This leads to the same matrix equation
(14) as for the output spectrum.

In Fig. 8 the imaginary parts of the most important eigen-
values ofM are plotted as a function d®g,. They deter-
mine the positions of the different peaks. The dashed line
represents the position expected from the dressed-state piEherefore, vacuum Rabi splitting only occurs when
ture of Fig. 5:(a) g(v2—1), (b) g, and(c) g(v2+1). For  g>|Rag—A|/2. The width is always Rag+A)/4 indepen-
very small pump rateRg,, they coincide with the exact dentofg. As has been pointed out in R¢6], this linewidth
values. With increasing pump rate, there is an increasingg much smaller than the one in free space.
deviation from this value, as the pump process leads to level For the lowest-order sum- and difference-frequency
shifts of the dressed states towards lower frequencies. Theg€aks, we get from the (44)-matrix B,
shifts are less pronounced for the vacuum Rabi splittlmg
than for the higher-order peaka) and(c). In Fig. 9 the real
parts of the same eigenvalues are plotted as a function of
Rga - They determine the widths of the different peaks. The
widths of all peaks increase linearly wil, . The vacuum
Rabi splitting is most sensitive to this broadening.

with yag=(Ragt Rga)/2. To calculate the eigenvalues for
the fluorescence spectrum, one can define

(19

4

AN o= *i \/92_ i (Rag—A)2. (20)

Rag+2A

N3 456 — +i32—E(R —A)?
34,56 2 =1199"~ g (Fas

12
=\[3¢°- %(RAB_A)Z]Z_QZ} . (@
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FIG. 8. Position of the most important peaks as given by the (b) 3.6
imaginary part of the eigenvalues governing the spectrum as a func- .
tion of Rgs . The dashed lines correspond(® g(v2+1), (b) g, ozl 32
and(c) g(v2—1), respectively. The parameters are the same as in ’ w1z}
Fig. 2.
—_ 0.0 .
3 -10 0 10
If g is not too small, the width of these four peaks is % %% A 1
A+ Rpp/2, independent of. “
For the special casé=R,g, Egs. (20) and (21) can
be simplified to \j,=—A/4xig and A3,5¢ —3A/2 004 ¢
+ig(y2+1), and the peaks are exactly at the positions,
which are suggested by the simple dressed-state pigfige
5). As the apalyss for the fluorescence spectrum m_volves the 000, 2 100 0 o s 100 150
same matrix equatiofl4), the results for the position and A
width of the fluorescence peaks are the same as for the out-
put spectrum. FIG. 10. Fluorescence spectrusp(w) for (a) Rga=10 and(b)
Rga=20; the other parameters are the same as in Fig. 3. The insets
V. LASING AND MOLLOW SPECTRUM show the corresponding output spectra.

With an increasing pump rafg, , a region occurs where  grated. It has been pointed out in REE9] that the output
the mean photon number incre.ases Iinearly and the_intensig(pectrum in the laser region has a Lorentzian shape and its
fluctuations go through a maximum. As discussed in Refsyjgth decreases with increasing intensity. We here study the
[20, 21], this can be interpreted as a threshold. Above th'%utput spectrum in a more systematic way, and in addition
threshold laser light with nearly Poissonian statistics is genghe fluorescence spectrum.

In Fig. 1Q0(@) the fluorescence spectrug)(w) is plotted.

It shows a Mollow-like spectrum with a dip at center fre-
al (b) | qguency. The dip has the width of the output spectrum, shown
in the inset of Fig. 1&), and can be explained as follows:
o the photons close to resonance are mostly emitted into the
resonant mode of the cavity, therefore there is a hole in the
fluorescence spectrum. This is very different from the situa-
tion described in Ref.11], where a dip in the transmission is
(c) | found together with a single peak in the fluorescence. There
the coupling is weak and the system is in the bad-cavity
regime (@A>Rpg); photons at the center frequency are
mainly coherently scattered and contribute to the fluores-
4T cence, while they are missing in the transmitted light.
. . . . If the pump rate is increased, the dip vanishes and even-
0 1 2 3 4 5 tually a narrow coherent peak arises on top of the Mollow
Rpa spectruni24] as shown in Fig. 1(). This behavior is due to

FIG. 9. Width of the most important peaks as given by thethe fact that with increasing pump rate the number of pho-
negative of the real parts of the eigenvalues governing the spedons in the cavity mode increases. As there are now enough
trum. The peaks are approximately &) A=g(v2+1), (b) resonant photons, the hole in the fluorescence spectrum van-
A=g, and(c) A=g(v2—1). The parameters are the same as inishes, and for even higher photon numbers coherent scatter-
Fig. 2. ing of resonant photons leads to a coherent peak. The width
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FIG. 11. FWHM of the coheren_t peak in the fluorescence SP€Civnich is shown in the inset. The parameters are given in Table I.
trum or of the output spectrurtsolid and mean photon number

(dashel The parameters ag=5, R;g =1, »=0 (in units of A). If the incoherent pump rate is increased further, the

of this coherent peak in the fluorescence spectrum is thgtomic coherence on the laser transition is destroyed and a
same as the width of the output spectrum. second threshold is reachéelf-quenching The mean pho-
The variation of the width as a function &g, together  ©N number decreases and the output spectrum broadens, as

with the mean photon numb(aa*a) is shown in Fig. 11. The well as the coherent peak in the fluorescence spectrum, as

numerical results for the widths of the two kinds of spectrat@n b€ seen in Fig. 11.

agree within the thickness of the curve. It can be seen that Fi9uré 12 shows typical plots of the fluorescence spec-

the spectrum narrows in the lasing region, where the meafum for each ex%itation region together with the smean
photon number(a'a) and the Fano factorF=((a'a

photon number has its maximum. F&g,=60, the full N2\ 1/ T X ; X ‘
width at half maximum(FWHM) is about 0.1. This is 1/10 _ (& @)“)/(a’a), which measures the intensity fluctuations.

of the cavity decay raté and the atomic relaxation rate The parameters are the same as in Fig. 11. Around th_e first
Rea - threshold the spectrum looks like a Mollow spectrum with a

dip at center frequency, as shown in Fig.(d2 Shortly

(a) (b) (©) () above this threshold, a coherent peak shows up instead of the
12 : dip (b). In the region, where lasing is strongest, this coherent
e ] peak dominates the fluorescence spectrum entioglyf the
__ 8} pumping is so strong that self-quenching takes place, the
4_: . F photon number in the laser mode decreases and the coherent
= 4} | peak becomes smaller compared to the broad incoherent

background. In this region the incoherent peaks are broad-
0 50 100 150 ened so much that the sidebands of the triplet are not re-
Rpa solved (d).

A physical explanation of the Mollow spectrum can be
given with the help of the dressed-state picture of Fig. 5. In
the laser region, many rungs of the dressed-state ladder are
occupied and the contributions of several decay channels
overlap. With increasing photon numbey the energy split-
ting of neighboring dressed-state pairs differs only by a small
amount. For the relevant photon numbersit can be ap-

0.20

0.10 -

, 0.10 , proximated by Zg+{a'a), which determines the position of
a0 1(©) ] (d) ' the sideband peaks. To obtain the widths and heights of the
5 three Mollow peaks, one has to take into account the rates for
3 0.05
oy 2007 TABLE |. Parameters for Fig. 13. No entry indicates that the
corresponding parameter could have any value.
0.00 . 0.00 .
5 0 5 -500 0 500
A A P|0t g A 14 RAB RBA
@ 0 1 0.5
FIG. 12. Fluorescence spectrum for different pump rates(2) 1 1 0.5 15 0.5
Rga=5 (&), 10 (b), 50 (c), and 150(d). The upper plot shows the (3) 1 1 0.5 0 0
corresponding mean photon numbara) and Fano factoF. The (4) 1 0 1.5 0.5

other parameters are the same as in Fig. 11.
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cavity damping, atomic decay and pumping as well as quan- APPENDIX: DIFFERENT SPECTRA
tum interferences between different decay chanf28$ FOR THE SAME PHOTON DISTRIBUTION
It is possible to obtain very different output spectra for
VI. SUMMARY different systems although their photon distribut®n) is

We have systematically investigated the output and fluo:[he same. This is illustrated in Fig. 13 for a thermal distribu-

rescence spectrum of a two-level one-atom laser below angP"- In Table I the parameters are listed, which lead to a
ermal distribution with(a'a)=0.5 in the steady state.

above threshold. For small pump rates, the quantum nature. > . ; .
of the atom-field interaction leads to several peaks in bottf1€!d damping can be described by the coupling of the cavity
kinds of spectra, corresponding to transitions betweefnode to a reservoir with the temperaturdieyq
dressed states. We have discussed the positions and widths~ 7#@o/{ks In[#/(v+1)]}, where v is the number of ther-

of these peaks under the influence of pumping and relax?@! Pphotons. Correspondingly, atomic relaxations and
ation. Larger pump rates drive the system above the lasdpcoherent pumping can be thought of as originating from
threshold, leading to a line narrowing in the output spectrumtN€ coupling to a reservoir with the temperatufgin

The fluorescence spectrum close to threshold has the form o6f _ﬁwO/{kB '”[RBA/R_AB]_}; .

a Mollow triplet with a dip at the center frequency. Above _ 1he different possibilities correspond to the following
threshold a coherent peak shows up that is due to Rayleighftuations: (1) No atom is present or the atom does not
scattering of photons from the generated laser field. In th&ouple to the field §=0). The field is damped according
parameter regime where the lasing is strongest, this coheref @ heat bath at temperatuiBie=To. (2) The atom
peak dominates the fluorescence spectrum. For very |ar9(g)uplt_as to the field. The heat bath corresponding to the field
pump rates, together with the mean photon number the Cc;1amp|ng_has the same temperature as the reservoir leading
herent peak decreases and the peaks of the Mollow tripldP atomic relaxation: Taion=Thels=To. In this case
merge into a broad incoherent background. While the”/(¥+1)=Rga/Ras. (3) The atom couples to the field,
vacuum Rabi splitting has been demonstrated experimentalfy0 atomic relaxation is present. The heat bath correspon-
in atomic beam experiments, the other interesting features éting to the field damping has the temperatdig q=To.

the spectra are still to be seen. (4) The atom couples to the field, no field relaxation is
present. The reservoir corresponding to the atomic relaxation
ACKNOWLEDGMENTS has the temperatu®,,,,,= To. This example shows that sys-

tems with the same statistical steady-state properties can
The authors would like to thank H.-J. Briegel and B.-G. have very different dynamical properties such as the output
Englert for valuable discussions. spectrum.
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