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Two-atom laser
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A theoretical model of a microscopic laser system incorporating two identical atoms coupled to a single
resonator mode is investigated in detail. It is established that a dramatic improvement in laser quality results
from the addition of a second atom into the cavity. The enhanced laser action, arising from a cavity-induced
mutual atomic coherence, is inferred from comprehensive studies of the steady-state and dynamical properties
of the cavity output field. Evidence of laser action is also found in the fluorescence field where position-
dependent spectral profiles occur. Counterintuitively, we establish that antibunching phenomena in the fluo-
rescence can be enhanced by incoherent pump8150-294®8)07709-9

PACS numbe(s): 42.50—p, 32.80-t, 42.55~f

[. INTRODUCTION treatment[5] of lossy quantum harmonic oscillators. This
approach has been applied to the two-level model of the
Recent technical advances in ion traps and laser-coolingne-atom las€f2] and found to agree favorably with numeri-
schemes coupled with progress in cavity quantum electrodyeal techniques utilizing the Fock basis. Furthermore, with the
namics suggest that it may soon be possible to realize micrdielp of a pump operator, the damping basis has permitted the
scopic laser systems whose lasing medium consists of only study of more realistic multilevel schemg8]. This effort
few atoms. Such a laser system can even involve just a singleas resulted in the first proposal for an experimental realiza-
atom that is cooled to the ground state of its external motiortion of a one-atom laser in the form of an ion-trap laser
and permanently and strongly coupled to an optical resond7-9].
tor. If the atom is incoherently pumped at a rate that is at The extension of the one-atom laser model to systems
least sufficient to compensate for the atomic and cavityincorporating two atoms has been performed in R&€],
losses, it is found that a near-coherent field may accumulatehere three-level atoms with ladder configurations are indi-
in the resonator via coherent emission into the cavity modevidually coupled to two resonator modes. The ground-state
A theoretical treatment of the one-atom laser was firspopulations are coherently pumped to the excited state via
performed in Ref[1]. The practical difficulty of generating laser excitation, while the cavity-induced deexcitations be-
an intense laser field with only a single atom as the lasingween the upper and intermediate states drive the laser mode.
medium means that the fluctuations in the cavity photorEfficient recycling of the atomic populations back to the ex-
number now play a significant role. As a result, the semiclaseited state of the lasing transition is then achieved by inter-
sical treatment applied to microscopic laser systems is imction with the second cavity mode in the bad-cavity limit
general no longer valid, thereby requiring the atom-field in-followed by a coherent excitation from the lowest atomic
teraction and the process of cavity loss to be described in state via the applied laser field. The cavity-induced atom-
guantum-mechanical manner. By applying the fully quantumatom correlations lead to a collective atomic behavior similar
model to two-, three-, and four-level atomic systems coupledo that found in free space for small interatomic separation.
to a resonator mode, it was shoh| that a near-coherent This leads to a super-radiant behavior that produces an in-
field may accumulate in the cavity for particular regimes ofcreased photon number occupation of the laser mode at the
pump rate and atom-cavity coupling strength. For such paexpense of an increased noise component. A decoupling of
rameters the lasing behavior was inferred from steady-statie individual atomic recycling processes, achieved by cou-
statistical properties corresponding to a mean cavity photopling the transition between the intermediate and ground
number greater than unity and a near-Poissonian photoatomic states to different cavity modes, results in a decreased
number probability distribution. This was confirmed inde- super-radiant effect, yielding a reduced laser intensity but
pendently in Ref[2] by the first calculation of spectral prop- also a less noisy field.
erties of the one-atom two-level laser. A more complete ac- In this paper we shall investigate the simplest model of a
count of the dynamical aspects was later given in Rf.In  two-atom lasef11]; that is, a pair of two-level atoms that are
addition to laser action, a number of quantum features in theéncoherently pumped and coupled to a single lossy resonator
cavity output field such as sub-Poissonian photocounting stanode. We shall compare the two-atom laser with the corre-
tistics and intensity squeezing have been predicted. Lasingponding one-atom model and establish that the two-atom
has also been predicted in the three-levelsystem[4], laser produces light that is closest in character to that of a
where good agreement is found between the semiclassicalassical coherent source. In particular, we find that the ad-
Focker-Planck treatment and the fully quantum descriptiordition of a second atom into the cavity results in a factor of
for corresponding effective atom-cavity interaction strengths4 increasd10] in the maximum allowed mean cavity photon
The computational intensity required to investigate oneumber. Furthermore, a study of the intensity fluctuations
atom laser systems in the strong-coupling regime suggesteveals that the lasing thresholds are particularly pronounced
that such problems are well-suited to the damping-basié the two-atom case and that in the lasing regime the field
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FIG. 1. Schematic representation of the two-atom laser. LatorP=— 7(0101P+ Poyo,—20,Po;)— T(UZUZP

statistics most closely resemble a Poisson distribution. The : +. Rea ; ;
physical origin of these enhancements of the steady-state sta- +Poy0,—203P03) = == (0101P+Poyoy
tistics is explained by introducing an effective gain factor
inferred from the atomic population inversion. This theme is BA
. R L . . ) TP )__( TP+P T_2 TP )
continued when we investigate the dynamical properties of o1F0, 5 (0207 020,— c0,F03),
the two-atom laser. Lasing action, of course, is not only in-
ferred from steady-state photon number statistics but also
from a study of the cavity output spectrum and intensity-
intensity correlation$3]. To this end, we calculate and dis-
cuss these dynamical quantities. For completeness we also
m_ve_stlgate the_dynamlcgl behavior of the fluoresc_ence 1EIEﬂdWhere we have introduced the atomic lowering operators
Similar to previous studies, the dynamical behaviors of the ) D
: ) o= |B)(A,] for thekth atom and the field annihilaticiere-
fluorescence and cavity output fields are found to be qualita- T . .
. : : ation) operatora (a'). The interaction strength of each two-
tively different. With two-atom systems, however, the fea- . .
. : . IFveI atom with the resonator mode is represented by the
ture of position-dependent correlation functions and spectra

profiles[12,13 is introduced. This behavior provides a diag- ;?gugé?]cﬁzg' ;reciﬁgngg ar;dgz. é:r?(;n[{cr:];elaa(;tl?: rartaetsé
nostic of laser action in two-atom systefidl]. Finally, we R hile th yh ton d Y a‘t?‘B. . A pB p” 9
discuss the surprising result that within the lasing regime, BA’ while Ine photon decay rate IS given 8y by alowing

incoherent pumping forms a necessary ingredient to productge rate of atomic excitation to exceed the rate of decay, our

antibunching in the fluorescence field. The simple modefiom-cavity system Is extended to the simplest theoretical

used to analyze this effect shows that this feature is unique t odel of a two-atom laser. Furthermore, our model includes

multiatom systems and arises from atom-atom correlations.t e special case of a one-atom |ake] if we set one of the

The paper is organized as follows. In Sec. Il we establisrﬁabi frequenciggl or 9o to zero. For the remainder we ghall
the two-atom laser model under consideration while in Sec‘f"tsiug]e for simplicity thatg;=g,=g unless otherwise
[l we discuss the application of the damping-basis method® 2*€d-
to two-atom systems and derive the necessary equations of

A
L fieidP= — E(aTaPJr Pa'a—2aPa'), 3

motion. In Sec. IV we investigate the lasing action of our lIl. TREATMENT OF TWO-ATOM SYSTEMS
two-atom system by calculation of the field statistics in the _ _
steady state. These results are compared with the case of a A. Damping-basis approach

single atom, and the physical origin of the increased coherent The state of the atom-field system can be expanded in
behavior arising in the two-atom model is explained. Theterms of the bare atomic states and the corresponding condi-
dynamical properties of the cavity output and fluorescencejonal field states
fields are investigated in Sec. V. Finally, we conclude the

aper with some closing remarks about the experimental re- A
gligation of microscopic laser systems in the Iight of recent p= 2 , p'—1'—1v'—z'—é"‘1'|‘2><|‘2’Lll’ )
technical advancements. Lotk

wherep, s ' describes the state of the field that is asso-
1=1°'-2%2

ciated with the atomic density operator component
In Fig. 1 we establish the system under consideration|.|_l,L2><|_é,|_1|_ The conditional field states may be ex-

namely a pair of two-level atoms that are pumped incoherpanded in any convenient basis. In this paper we shall em-
ently with broadband radiation and coherently coupledyioy the usual Fock basis to investigate the dynamical be-
through their interaction with a single mode of an opticalhayvior of our atom-field system. To study the statistical
resonator. Within the aSSUmptionS that the atoms are Suﬁ:broperties in Steady state, on the other hand, we shall make
ciently far apart so that cooperative effects may be ignoreq,se of the recently developed damping bdSisbecause the
and well-localized in space in order to neglect the effect ofcorresponding representation permits the derivation of inter-
external motion, the dynamical behavior of the atom-fieldesting analytic results. As this latter basis is not as widely

Il. THE MODEL

system is described by the master equation known as the Fock basis, we now describe some of its key
features.
d 1 The damping basis consists of the set of field eigenvectors
EPZ @[H'P]JrLatonP*' L fietaP @ py that fulfill the eigenvalue equation

for the density operator P with the Hamiltonian Lfield PA=APy - (5)
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In the Fock representation we note that the field damping AB BA
operator couples only density operator components on the PaBBA= E an Pn )
same diagonal; that is{n|p/m) is coupled only to
(n+1|p|m+1) and(n—1|p|m—1). This leads naturally to
an ansatz fop, of the form

P PBA,AB:;( age ol 12

T(\k\+k)/2 (|k\ k)l2

f(ata):a (6)

By substituting the expansion®)—(12) into Eq. (1),
. . - Lyly,LoL)
where: --- : denotes normal ordering. This ansatz, to-€duations of motion for the coefficients,, ™" may be
gether with the condition that the expectation value of anyderived by tracing over the dual vector
observable be finite, results in the eigenvalues

a;iL taboo Tr[pan Ll Ll (13
A= —A(n+]|k|/2) 7)

These specific substitutions are made so that the equations of
and corresponding eigenvectors motion for the expansion coefficients couple only to terms
with the samek. It is particularly important to achieve
coupled equations of this form because in the stationary state
the only nonvanishing contributions arise from #he0 sub-
, (8)  set. This is a direct result of the fact that field damping will
destroy phase-sensitive expectation values suéh)aga?),
etc.
Solution of thek=0 subset in the steady state yields the
wheren=0,1,2... andk=0,+1,+2,... [5]. A similar pro- field moments of our laser system. For example, it has been
cedure may also be followed to find the dual eigenvectorshown[5] that the first and second field moments are given

+K|
a'a+|k|

p(k)zawkhk)lz(—l)aTaJrn (K| —k)/2
n

satisfyingp!9Lseig=1 04 . by
For the two-atom case considered in this paper we now
make the following expansions in the damping basis: (a'a)=ayy,
((aTa—(a'a))?)=2az— ais+ ai, (14
Lol Lol (K
leL’,LZL’:E ani v 2P§1) €) : .
1272 nk where, for our two-atom systena,, is found by a simple
trace operation with the result
for all L,L;,L,L, that describe two populations, and ano=ane ™+ al5 BB+ afi BB+ alp M. (19
LiL Lol) (k—1) B. Equations of motion
Pl L LfZ nk Pn , . . .
n,k The equations of motion for the=0 subset in the damp-
ing basis have the form
_ Lil1.Llolsy (k+1) d
PLL L= 2 Py (10 %0 =MoXot FoXo 1+ GpXos 1, (16

for all L,L},L,L, that describe one populatiddA or BB) ~ Where
and one polarizatiofAB or BA). When the labels describe

two atomic polarizations of the same orientation we choose aht A

QBAAA _ L ABAA L AABA  AAAB
ano no no — qno
AB,AB (k-2 AB,AB , BABA
PaB, AB_E ape™Bpl?, (11 ano” " T ang
AABB | BBAA
Xn= Qno +ang (17)
ABBA | BAAB
2 BABA ,(k2) #no #no
+
af BB,BA___BBAB, BABB___ABBB
PBABA™ P Qng Ty tapng —apg
BB,BB
®no

while for two polarizations of opposite orientations we em-
ploy the expansions and
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-y, ig(n+1) 0 Rgn O 0 0
4ig — v 2ig(n+2) 0 0 Rga 0
0 ig — Y3 0 0 0 0
M,=| 2Rz —ig(n+1) 0 —vs 0 ig(n+1) 2Rea |, (18)
0 —ig(n+1) 0 0 -y ig(n+1) 0
0 Rag —-2ig(n+2) 2ig 2ig Y6 0
0 0 0 Rig 0 —ig(n+l) -y
0 O 0O 0 0 O
0 O 0O 00 O O
0 O 0O 00 0 O
F,=ign| 0O -1 0 0 O 0 Of, (19
0O -1 0 00 O O
0O 0 -2 00 0 O
0 O 0O 0 0 -1 0
0 0 0 O 0 0 0
4 0 0 -2 -2 O 0
01 0 O 0 -1 o0
G,=ig| 0 0 0 O 0 0 01,
0 00 O 0 0 0
0 00 2 2 0 -4
0 0 0 O 0 0 0
|
with the relaxation rates equations, quantities such as the fringe visibility of the fluo-
rescence field11] and cavity-induced atomic decay rates
Y1=AN+2Rpg, [12] may be derived analytically. Details of these calcula-

¥2=A(N+1/2)+Rag+ ¥aB
Y3=AN+1)+2ypg,
v4=An+Rpg+ Rga,
Ys=AN+2vypg,
v6=A(N+1/2) +Rga+ ¥ag s
y7=An+2Rgx . (20)
Here yag is the transverse relaxation rate of the two-level

atoms. In the absence of additior(alg., collisional phase
decay, the relationyag = (Rag+ Rga)/2 holds.

We note that by employing a particular basis for the cal-

culation, we are able to reduce the expectest 16 matrices
for pairs of two-level atomic systems to thex7 forms
shown in Eqs(18) and(19). This reduction in the damping-

basis treatment has a particular significance as it permits thk
derivation of analytical results in particular parameter re-

gimes. For example, for a small pump rd@g,<Rag the
steady-state problem can be simplified to equations involvin
only the vectorsX, and X;. By solving this reduced set of

tions are provided in the Appendix. We finally note that the
reduction to 77 matrices is possible only for the cage
=g,=¢. Forg;#4g, an appropriate choice of the basis is
found to result in 1& 10 matrices.

C. Matrix-continued fractions

We now outline the technique of matrix-continued frac-
tions used to calculate numerically the expansion coefficients
in the stationary state. This is achieved by setting the left-
hand side of Eq(16) to zero and assuming a solution of the
form

Xn+1=RnXp. (21)
Substitution of Eq.21) into Eq. (16) provides a recursive
relationship

Rnflz_(Mn+Gan)7an- (22)
is then possible to iterate backwards and calculate all the
matricesR,, provided that we truncate the solution at some
suitably large valuen=n,,, by imposing the condition

g

1T

Xo =Ry _1=0. (23
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20 regiong>Rug,A. To explain this result we must first con-
] sider the physical mechanisms that lead to the production of
154 cavity laser fields.
] For the case of a single atom, the atom-cavity system acts
(ata) 101 as a lasing medium only when the pump is sufficiently strong

to induce a population inversion, but not so strong that it
destroys the coherence between the atom and the cavity
mode. For these intermediate pump strengths, the coherent
1/ e atom-cavity coupling can precipitate a single stimulated
of o T T emission per atomic excitation. Provided that a population
Rpa inversion can be regenerated by continuous pumping, a co-
herent field builds up in the cavity via a sequence of such
FIG. 2. Mean photon numbéa'a) for R\g=1 andg=3. The  stimulated emissions. This model may be extended to two
two-atom laser wittg; =g, =g (solid) is compared to the one-atom atoms except that in this case the atom-cavity coupling now
laser withg; =g andg,=0 (dashed All rates are in units of. precipitateswo stimulated emissions into the cavity if both
atoms are initially excited. From this simple heuristic analy-
After we have iterated backwards from=nmn,to n=0, we  sjs we deduce that in the lasing regime, where strong atomic
calculate the vectoX, by imposing the normalization con- inversions and atom-cavity couplings coexist, the two-atom

dition agp=1 onto the degenerate set of equations laser may be assigned an effective gain fact6r fvhereG
is the gain of the one-atom system. Thus, for a given pump
(Mo+GoRg)Xp=0. (24 rateT", the number of cavity photons will be proportional to

. . . 2GT for the two-atom case an@I" for a single atom.
It is now a simple task to calculate all the remaining solu-  The maximum number of photons allowed in the cavity

tions X;, by forward iteration with the aid of E21). finally depends on the largest valueR§, at which signifi-
cant atom-cavity coupling and the attendant linear gain per-
IV. TWO-ATOM LASING sist. The coupling strength is described by the cooperativity

nparameter defined a8,gZ/A(Rag+Rga), Whereg, is the
pcuum Rabi frequency of thieth atom. By assuming that
ere is a minimum value of the cooperativity parameter be-
w which lasing action ceases, it is trivial to show that for
two atoms this occurs at approximatelf? 2f P denotes the
T Fo2 pump strength at which one-atom lasing terminates. This
= M_ (25) prediction is confirmed by inspection of Fig. 2. Conse-
(a'a) quently, a factor of roughly four=(2G)(2P)/(GP)] more
photons may be produced in the two-atom laser than in the
Taken together, these quantities provide a broad account oine-atom laser for identical atomic and cavity characteristics.
the quality of a laser field by describing not only the field Having discussed the field intensity of the two-atom laser,
intensity but also its coherent character, which is reflected it is important to consider the intensity fluctuations by calcu-
the photon number probability distribution. The numericallating the Fano factor. The Fano facteris simply the ratio
calculations of these observables are performed in the dampf the photon number variance and mean as shown in Eg.
ing basis using the matrix-continued fraction technique out{25). Thus, a Fano factor of greater than unity indicates a
lined in the preceding section. super-Poissonian photon number distribution while a value
To begin our discussion of the steady-state field properless than unity indicates a sub-Poissonian distribution. Co-
ties, we focus on the mean cavity photon number. In Fig. Zherent fields, on the other hand, are characterized by having
we plot this quantity as a function of the pumping r&g,  a Poissonian photon number probability distribution and a
for the atom-cavity parameteR,g=1 andg;=g,=9g=3 Fano factor equal to unity.
with all rates in units ofA. As a reference, we also show the In Fig. 3 we plot the Fano factoF for the one- and
field statistics for the one-atom case with identical atomictwo-atom lasers as functions of the pump strengg for
and cavity characteristics. the parameters employed in Fig. 2. We first identify the las-
Inspection of Fig. 2 reveals that the field intensity of theing regime in both cases as the pump region in-between the
two-atom laser system is qualitatively similar to that foundtwo lasing thresholds, represented by the first and second
for one atom. In both cases the mean photon number risesaxima. Within the lasing regime the cavity fields have
approximately linearly with increasing pumping rate until mean photon numbers much greater than unity and photon
some critical value oRg, is reached. For pump rates above number distributions that are approximately Poissonian, in-
this critical value, the photon numbers decrease and apdicating that a near-coherent field is present.
proach zero. Quantitatively, however, the behavior of the For the two-atom case we observe that the first threshold
two-atom system is markedly different from the one-atomfor lasing is much more pronounced compared with the situ-
case. In particular, we observe that the maximum cavity phoation where only one atom couples to the cavity mode. The
ton number in the two-atom laser is approximately four timesreason for this pronounced behavior is explained by first un-
that found in the one-atom case. Further numerical studiederstanding the source of incoherence in lasers operating be-
show that this factor remains approximately constant in thdow threshold. Below threshold the rate of excitation is small

To investigate the field properties of our laser system i
the steady state we consider the mean cavity photon numb
(a'a), and the intensity fluctuations described by the Fanci
factor 0
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FIG. 3. Fano factoF for Ryg=1 andg=3. The two-atom laser FIG. 4. Atomic inversionW versus the pump rat®g, for
with g;=g,=g (solid) is compared to the one-atom laser with Ras=1 andg=3: The mversmn_of_each individual atom of the
=g andg,=0 (dashed All rates are in units of A. two-atom laser withg, =g,=g (solid) is compared to the inversion

for the one-atom las€dashed and to a single atom not coupled to
with respect to the photon decay rate so that the resonatarcavity (dotted. All rates are in units oA,
mode is unable to store photons in-between successive
atomic pump processes. Successive stimulated emissiosBown in Fig. 4. We first observe that the region between the
into the cavity mode are therefore uncorrelated, leading tdasing thresholds of Fig. 3 coincide with a linear region of
the buildup of noise in the resonator. A two-atom laseratomic inversion for both the one- and two-atom cases. This,
model thus produces a more incoherent field below thresholdf course, provides a confirmation of the linear response of
as it contains double the number of noise sources compardte lasing medium invoked to explain the increased cavity
to the case of one atom in an identical cavity, even when thghoton number in our two-atom system. The relative gain
vacuum Rabi frequency of the single-atom laser is rescalethctors of the two models may also be ascertained from the
to \/Eg, This naturally results in a cavity field that is more atomic inversion. In the linear region we find that the gradi-
incoherent Above threshold, we find that our two-atom ent of the inversion for two atoms is roughly half that for one
model generates a field that is mareherentin character. atom, indicating that the atomic excitation is twice as effi-
The reason for this is simply that two atoms produce a largegiently depleted through stimulated emission into the resona-
atom-cavity coupling strength. This is reflected in the eigentor. The gain factor is thus a factor of two higher in the
values t\/fg of the two-atom Tavis-Cummings Hamil- two-atom case compared with the one-atom laser. Finally,
tonian compared to-g arising from the Jaynes-Cummings We note that the region in which the atomic inversion in-
Hamiltonian for a single atom. As a result, a longer sequencéreases linearly with pumping rate is twice as long for the
of stimulated emissions may occur before noise attributed tévo-atom case as for one atom. This coincides with the
the photon decay rate is allowed to accumulate. Two atomBigher pump rates permitted by two atoms before the atom-
will thus lead to a field that is more coherent in charactercavity coherence is destroyed.
thereby producing a Fano factor closer to unity. It is the The steady-state properties presented here suggest that the
combination of these two effects of increased incoherentwo-atom model has characteristics that are more laserlike
emissions into the cavity below threshold and a stronger efthan the one-atom case. For example, the gain in the lasing
fective Rabi frequency above that lead to a more pronouncetegion is closer to a linear response for two atoms than in the
lasing threshold for the two-atom case. presence of only one. Furthermore, a field with a distribution

For pump strengths beyond the individual Fano minimacloser to Poissonian and with greater intensity results. The
we find that both curves of Fig. 3 rise rapidly until they reachfield generated by the two-atom laser is thus closer in its
their respective maxima. The reason for the increase is sinfehavior to that of a classical coherent field. This theme
ply that although the increased pump produces a rise in thgontinues in the dynamical properties of the one- and two-
atomic inversion, its effect is overwhelmed by the destruc-2tom laser systems.
tion of the atom-cavity coherence. The increased pump rates
permitted by the two-atom system before the coherence is V. DYNAMICAL PROPERTIES
completely diminished naturally produce a maximum in the
Fano factor at higher values B, . The maximum value of
the Fano factor for larg&g, is found to be greater for 2
atoms because we now have twice the number of incohere
sources emitting into the resonator mode, similar to the b
havior found below the first lasing threshold. Beyond the
second maxima, the Fano factors decrease in step with tH ical behavior below the | threshold h ous|
reduction in cavity photon number, leading the cavity field tobggi”;'ti%ieg ir?\ggzaileir?vl\é eﬁfz]aser reshold has previously
the vacuum state with Fano factor equal to unity. '

Many of the features of the mean cavity photon number
and Fano factor are manifest in the atomic inversion for the
kth atom Wk=<[<rl ,o]). For symmetric pumping and The atom-cavity system under consideration gives rise to
atom-cavity coupling we find that/; =W, =W, the quantity  two distinct and measurable spectra arising separately from

In this section we shall discuss the dynamical properties
of the two-atom lasing system under consideration. In par-
r'q{:ular, we shall focus on the spectral profiles and intensity
correlations of the fluorescence and cavity output fields.

hroughout, we shall concentrate on the above-threshold pa-
meter regimes, which give rise to a cavity laser field. The

A. Spectrum
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atomic and cavity relaxation. In the far field and in the steady
state, the fluorescence spectru®y(w), and the cavity out-
put spectrumS,(w), arising from these two processes have
the definitions

Ss()

S,(w)= f:drcos{(w— ®) T]9,(7),
(26)

Su(w)= f:dfcosuw—wwﬂga(r),

where | {b) =T

2 2
9,(1)=2, 2 (ah(1)a(0))exdiek—1)], >t ]
k=11=1
27)
ga(T)=<aT(7')a(o)>ss-

The parameterp is a phase describing the position of the 200 -100 0 100 200
detector with respect to the line center and is givengby -0

= wgX/c, wherex denotes the displacement of the detector | ; | -
from the symmetry plane perpendicular to the line connect; FIG. 5. Fluorescence spectra for a two-atom laser at positions
. - (@ ¢=0 and(b) o= for R\g=1, g=10, andRg,=20 with all

ing the two atoms. The quantitias, and ¢ are constants rameters in units o

representing the atomic transition frequency and the speed 8 '

light in vacuum, respectively. Thug=0 corresponds to a o ) ) o
position at which the optical path length from each atom isdreater than the natural atomic linewidth. This behavior is
identical. On the other hand, positions where the optical pat§hoWn in Fig. $a). As we move away from the line center
lengths differ by half of a cavity wavelength are representedh® inelastically scattered component of the fluorescent spec-
by ¢= 1. trum will remain unchanged while the height of the elastic

In Fig. 5 we show the fluorescence spectra that occur geeak will diminish through increasing dgstructive interfer-
positionse=0 and = for the parameterR,g=A=1,g ©nce. Eventually_, at= 1, total cancelatlor_l pf the coher- _
=10, andRgs=20. For these parameters it may be showne_mly scattered light occurs an_d the remaining spe(_:trum_ is
that a near-coherent field accumulates in the cavity, similap/mPIY the broadened Mollow triplet. This case is depicted in
to the behavior found in Figs. 2—4. Consequently, we ma;}:'g- S(b). . . .
effectively replace the atom-cavity system of Fig. 1 with the 1€ laser output spectrum has a behavior that is quite
semiclassical system of two atoms coherently driven byfifferent from the fluorescence spectrum. As might be ex-
strong fields of the same phase and incoherently pumpe;aected, the_: bwld-up_of a n_ear-coherent field in the cavity is
with broadband radiation of random phase. It is well estab@ccOmpanied by an intensity spectrum that closely resembles
lished that a single atom that is coherently driven by a stron%v‘s'IIke Lorentzian. This behavior occurs for both one- and
field radiates a fluorescence spectrum composed of an elad@/0-atom laser systems, although with different widths oc-
tically scattereds-function peak along with a three-peaked €UrTing for different parameters. Of more interest is a com-
structure, known as the Mollow tripldtL4], arising from parison of the spe.ctral ngjths.from the tvvp d|_fferent atom-
inelastic scattering processes. The addition of an incohereG@Vity Systems. With this in mind we plot in Fig. 6 the full
pump to this simple system serves only to broaden the three
near-Lorentzian Mollow peaks. For the case of two atoms we 1.0
expect a similar behavior with the exception that the scat-
tered coherent light forms the basis of a Young-type inter- 0.8
ference experimerjtl5-17. T

At the line center £=0) the coherent components of the
scattered light will experience constructive interference
while at ¢=m canceling through destructive interference
will occur. The inelastically scattered light does not experi-
ence position-dependent constructive or destructive quantum
interference due to the random phase of this emitted radia- 00—
tion. Thus, the detection of the identical triplet profiles in- "0 o _ 8 120
elastically scattered by each atom is independent of position. Fpa
The spectral profile measured at the line center will then rig, 6. Full width at half maximun{FWHM) as a function of
consist of three broadened near-Lorentzian peaks together , for the two-atom lasesolid) and the one-atom lasédashed
with an approximates-function component centered on the for R,;=1 andg=3. The inset shows the cavity output spectrum
natural atomic frequency. The width of the peaks of the Mol-s, () for the two-atom laser witfRg,=40. All parameters are in
low triplet will be of the order ofRg, for pump rates much units of A.

0.6

0.4

FWHM

0.2
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width at half maximum of the single-peaked output laser
spectrum as a function of the pump rate for equivalent one- I AN
and two-atom laser models. Here, of course, we consider 1 N
only the pumping regime beyond the first lasing threshold ~ ] .
where a single peak occurs. So that we may compare the plot = 104 ST
with the steady-state results of the preceding section, we em- = /\
ploy the same atom-cavity parameters as in Figs. 2 and 3.

By comparison of Fig. 6 with Fig. 3, we observe that the
pump rates that minimize the spectral widths also coincide 0.5+
with Fano factor minima for both one- and two-atom sys- 00 o4 o2 03 o4 05
tems. This, of course, is to be expected as coherence is char- T
act_erlze(_j not only by the photon _number distribution being FIG. 7. Second-order correlation function of the fluorescence
Poissonian but also by a well-defined phase and therefore @4 from a two-atom laser ab=0 (solid) and o= 7 (dashed for
narrow spectral width. Second, we note that the two-atonk, .—1 g=3, andRg,=20 with all parameters in units @.
laser model gives rise to narrower laser peaks than the one-
atom laser when the same atom-cavity parameters are ermoherently and incoherently pumped, as previously discussed
ployed. Closer inspection shows that the narrowest peak pejn connection with the fluorescence spectrum.
mitted in the two-atom laser model is approximately one- \When a single atom is strongly driven with coherent light
quarter of that found with one atom. This provides furthergnd damped by spontaneous emission into the vacuum, the
confirmation of the(a’a)~* dependence of the laser line- steady-state population is distributed approximately equally
width [9] in microscopic lasers. In addition, this finding re- between the ground and excited state. Extending this behav-
inforces our theme of improved laser equality with multia- jor to two atoms gives rise to equal populations of each of
tom systems. the Dicke statesB;,B,), |A1,Ay), and |=)=(|A1,B,)

i|Bl,A2>)/\/§. The addition of a strong incoherent pump
B. Intensity-intensity correlations has the effect of depleting the population that accumulates in

the antisymmetric state by excitation to the doubly excited

relations of the two-atom laser may be separately measur ateB|A1,A(\jz). The Fl)Oplélat'lo n (;Jfb thﬁ symmet:‘lch st.ates

in the fluorescence and cavity output fields. These statisticalP!’ ») and|+) are also deplete . y the ac_tlon of the inco-

measures are described by the normalized second-order ¢ erent pump. In contrast to th_e antisymmetric state, however,

relation function for the fluorescence fiell?)(r), and for eS¢ States are at least partially repopulated by the coherent

the laser outputg®(r), defined as co_upllng, induced by the near-coherent cavity field, which
pulda ' exists between the three symmetric states. Consequently, an

asymmetry in the populations of the singly excited Dicke

Similar to the spectral profiles, the intensity-intensity cor-

2
9@ (r)= M states occurs in the lasing regime. This has a profound effect
7 [9,(0)]? on the intensity-intensity correlations. For example, the rela-
tively low occupation of the antisymmetric state means that a
G2 (7) photodetection event gt= 7 is more likely to correspond to
9@ (r)= a—2 (28)  the decay proced#\;,A,)—|—) than|—)—|B,B,) (in the
[9a(0)] caseRg,=0 these events will, of course, be equally prob-

able. The remaining atomic excitation means that there is a
strong possibility of immediately registering a subsequent
5 detection event at the same position, thereby producing
(20— + + bunched photocounting statistics. The field statisticspat
Gy () k’|’m2n:1 (7(0)01(1) om(7) 0(0))ss =0, on the other hand, display antibunched characteristics.
The increased population pf ) relative to its antisymmetric

where

xexdie(k+l—=m—n)], counterpart means that there is now a stronger probability of
an initial photocount projecting the two-atom system onto
G2 (r)=(a'(0)a'(na(r)a(0))ss. (290  the ground stat¢B,,B,). Thus, there is an increased prob-

ability that no subsequent photocount can be recorded. This

In Fig. 7 we plot the normalized second-order correlationbehavior leads to antibunched statistics characterized by
function of the fluorescence field for the parametBig g%(0)<1. Similar to single-atom resonance fluorescence
=A=1, g=3, Rga=20 at positions corresponding to=0 [18], inspection of Fig. 7 reveals that the second-order cor-
and 7. Similar to the spectral profiles of the fluorescencerelation function is modulated at the Rabi frequency and de-
field, we find that the intensity-intensity correlations arecays at the rate of incoherent excitation. From our argument,
strongly dependent on position. In particular, we observe thatve conclude that the antibunching behaviorgat0 will
for short delay times the fluorescence field displays antibecome less pronounced Bg, decreases as the population
bunched statistics at the line center while bunching is foundf the| =) states will become more equal. Therefore, we see
at ¢=. This behavior is found to persist for parametersthat incoherent excitation is a necessary ingredient for the
that allow a near-coherent field to accumulate in the cavitydetection of antibunched statistics in the regime of strong
Consequently, this effect may be explained by invoking thecoherent driving.
semiclassical picture of two atoms that are simultaneously To complete our discussion of the intensity-intensity cor-
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found to coincide with a significantly more pronounced co-
\ herent behavior reflected in the laser linewidth and the pho-
\ ton number probability distribution. All of this suggests that

1.10

- | XN new generations of linear ion traps, able to store a large
= 105 number of ions at a potential minimum, may provide the key
= to the development of microscopic sources of laser light.
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FIG. 8. Second-order correlation function of the cavity output
field from the two-atom lasersolid) and the one-atom laser APPENDIX A: ANALYTICAL RESULTS
(dashedl for Rag=1, g=3, and Rga=20 with all parameters in

Here we outline the method used to derive the analytical
results of Ref[11]. In Ref.[11] it was established that for
. . . weak incoherent pump rates, that is, below the laser thresh-
relations of the two-atom laser, we now consider the Stat'sbld, the fluorescence field displays an intensity minimum at

tics of the cavity output field. In Fig. 8 we pl@?(7) for 6 jine center, characterized by the quantity
the outputs of both one- and two-atom systems for the pa-

rameters corresponding to Fig. 7. We note here that the two-

atom and one-atom lasers display second-order correlation =

functions similar to that characteristic of coherent light as <0101+ 0';0-2>ss

their values are close to unity. Furthermore, in keeping with

the previously noted behavior, we find that for identical pa-having negative values. Furthermore, for particularly weak

rameters the two-atom laser exhibits behavior that mosPUmpsRea<Rag g the fringe contrast factdC has an exact

closely resembles that of classical coherent light. analytical solution. This result is derived by solving the ma-

trix equation(16) and then applying the limiRgy—0. The

key to this derivation is that the probability of the atom-

cavity system having two or more excitation quanta is neg-
It has recently been demonstrated that pairs of ions maligible for particularly weak pumps. Therefore, we need only

be trapped, cooled, and stored with a level of stability suffi-solve for the vector¥X, andX; as the components of all the

cient to perform a Young-type interference experimrf] remaining vectors will have values that rapidly tend towards

where two-level atomic systems replace the slits of Young'sero in the limit under consideration.

original experiment. Indeed, in tests of cooperative phenom- In the steady state, the remaining set of linear equations

ena[19] it has been shown in practice that atom pairs may benay be expressed in the following form:

stored with interatomic separations of the order of an optical

wavelength. To date, a number of practical and ingenious AY=0, (A2)

schemes such as quantum logic devit2@| and improved

frequency standard®1] have been proposed that exploit the where

unique environment presented by trapped and cooled ions.

units of A.

_ {01024 0201)ss AD

VI. CONCLUSIONS

As sources of localized multiatom systems become more My | Go

readily available, questions relating to their behavior and A=| —— | —-— (A3)
other possible applications become pertinent. For instance,

an experiment to determine which-way information by em- Fio | My

ploying two atoms has been suggested in R22).
In this paper we have extended the theory of the one-atori"d
laser to incorporate a second identical atom. The theory of

the one-atom laser has reached a stage of development where Y1 X

realizable experimental schemes have been proposed that uti- Y, 0

lize multilevel but single-atom systems with an array of Y={ . |=| |- (A4)
pumps and coherences. However, the central difficulty in the ) X,

realization of microscopic laser systems remains rooted in Y14

the strength of the atom-cavity coherence that is required to

produce lasing action. With the advancements in trappings€efore solving this 1414 problem, we note that there exists
technology in mind, it seems sensible to attempt to increas@ degeneracy in the equations involvilg, and Gy. To

this interaction strength via the atom-atom correlations thaebtain a unique solution, we simply remove one of the de-
occur when two atoms are coupled to the same resonat@enerate equations and substitute the normalization condition
mode. We have shown, in agreement with R&f], where

the lasing transition was coherently pumped, that the simple aé@'AA + a§§~BB+ aSS"AA+ aé@’BBI 1 (A5)
addition of a second atom leads to a factor of 4 increase in

the allowed mean cavity photon number. This increase i its place. By using standard techniques of linear algebra,
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the components of the vectdr may now be found as func- . _ Ys
tions of the system parameteys A, Rz, andRga. These lim C=lim 55—+~
solutions, of course, are only valid fd®ga<Rag,g. We Rea—0  Rga—07 17 74
now generate the final exact solution for the fringe contrast —49%A
factor in the limit of weak incoherent pumping by applying = . (A6)
the limit Rga—0 to C, 49%(A+ 2Rpg) + ARsg(A+ Rpg)
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