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Coherent manipulation of collective three-level systems
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We investigate control schemes for the dynamics of a collection of dipole-interacting three-level atoms in V-

or A- configuration. For this, we discuss the strong-field steady-state behavior of these systems under the
influence of external parameters such as the relative phase between the two applied strong driving laser fields,
the ratio of spontaneous decay and incoherent pumping rates, the splitting frequency between closely spaced
atomic states, or a surrounding thermal bath. We show that these may act as convenient tools to sensitively
control the collective dynamics of the atoms. As applications, we analyze the fluorescence and absorption
properties of the atomic samples. Finally, we discuss the transient behavior to show that the presented schemes
feature a rapid system evolution as required for many applications.
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I. INTRODUCTION in a microcavity mode surrounding the atomic ensemble
. ) ~leads to an enhancement of the collective two-photon spon-
Apart from the fundamental interest in quantum opticaltaneous decay rafe1]. Applying microwave pulses to the
systems, they are ideal candidates for a broad range of agyo lower levels of three-level atoms in a quasidegenerate
plications[1]. Typical requirements for possible applications A-type configuration one can switch the superradiant and
are, e.g., a fast system evolution, complete population transubradiant processes from off to on and vice verk3,
fer between various system states of interest, and the availvhile superfluorescence without inversion in such a coher-
ability of convenient external control parameters. Some ofntly driven three-level system was shown to occur in Ref.
these requirements may be addressed by making use of c$lL3]. The output intensity of a superradiant laser scale¥?as
lective effects, as initiated in a classic work by Dickd. while its linewidth is proportional tdN"[14]. Controlled by
There, a sample of dipole-interacting atoms confined in &oherent sources of light, collections of atomic few-level
small linear region compared to the emission wavelengti$ystems may exhibit interesting steady-state characteristics
was discussed. Dicke showed that such a sampieeofcited  like jumps and discontinuous behavigts—20. Similar ef-
atoms forms a collective dipole moment, which leads to effécts are also possible with incoherent driving fie[@d].
fects such as a superradiant fluorescence intensity propolUs collective atomic systems may have various advantages
tional toN? and a quantum dynamids times faster than for OVer single-atomic systems such as the acceleration of the

single atoms. He also discussed subradiant states of the &°MIC dynamics by a factor ¢f. This explains the consid-

oms where, under special conditions, the emission of pho(::-rable recent interest in collective phenomena, e.g., in quan-

s : . . um computation and quantum entanglement theories as well
::%mscgatn ct))fecltr)llrlltla?:lttisg mhta?: f\égg;\l/f;j acnoqﬁls?aesrlgt():lee [;It?éﬁ"[i(t; s in cooling processes. For instance, a technique for ma-
pt ot ity ; hipulating quantum information stored in collective states of
demonstrating a wide range of collective phenomér25).

S fth ff h Iso b ified . | esoscopic ensembles is given[R2], while the decoher-
ome of these effects have also been verified experimentaly, .o of collective atomic spin states due to inhomogeneous
[7-9]. The collective spontaneous emission of an ensembl

. oupling is discussed if23]. Schemes for entangling atomic
of d.ensely spaced fevv_—level atoms d(_apends crucially on thgnsembles through laser manipulation were proposg24in
environmental reservoir and may be '”f'!’ef?ced to some del'he collective cooling effects of atoms in a cavity were in-
gree by coherent external electromagnetic fi¢klglFs). For vestigated both theoretical[25] and experimentally9].

example, when a collection of two-level emitters is placed A \ocant idea to provide a convenient control parameter in

thhm a photonlc pand.—gap m.a'ge.nal, the sup(_errad|ant er.mSQUantum optics is based on the relative phase between driv-
sion remains localized in the vicinity of the radiators, leading

d ith v brok ing laser fieldd26—30. Typically, this requires quantum in-

to a steady stgte wit spontgneousy ro en.symmetry. Werference  between multiple-atomic-transition pathways
which the atomic system acquires a macroscopic polarizatiofyiqh is known to give rise to many interesting applications

[10]. The presence of a small number of thermalized photon&lsz]. In [26], the phase dependence of the resonance fluo-

rescence spectrum in a single three-lexetype atom was
discussed. In[27], spectral narrowing and fluorescence
*Permanent address: Technical University of Moldova, Physicqjuenching in an atomic four-level system were reported.
Department, Stefan Cel Mare Av. 168, MD-2004 Cfiniu, Light amplification without inversion may also be controlled

Moldova. Electronic address: macovei@usm.md by the relative phas€28]. The phase control was used in
"Electronic address: joerg.evers@mpi-hd.mpg.de manipulating the spontaneous emission of single atoms in
*Electronic address: keitel@mpi-hd.mpg.de different surroundings as in photonic crystg28]. The fea-
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The paper is organized as follows. In Sec. Il we introduce
the various systems of interest discussed in this article and
derive the corresponding master equation. In Sec. Ill the ex-
act steady-state solution to this master equation is derived
and discussed for several system setups. The following Sec.
IV analyzes the transient behavior of the atomic samples.
Sections V and VI investigate the fluorescence and absorp-

FIG. 1. Bare-state notation of the employed three-leveleit) tion properties of the co!lecti\_/e systems, respectively. Finally
and A (right) systems. Indicated also are two spontaneous deca{’€ results are summarized in Sec. VII.
ratesy, and y; on the corresponding allowed transitiofdashed
arrows and the driving field§double arrow with the correspond-

ing Rabi frequencies), andQs. Our model system consists of an ensemble of three-level
atoms with a configuration of energy levels as shown in Fig.
sibility of the control of photoabsorption via the relative 1. we discuss both V and configurations as these may be
phase of two fields was also demonstrated experimentalljescribed in a uniform manner with the employed ansatz. As
[30]. we want to describe the collective effects of the system by
In this article, we discuss control schemes for a CO”eCtiomsing collective operators, we assume the sample of atoms to
of three-level atoms embedded in a lossy cavity. Our goal ipe confined in a region which is small as compared to the
to find convenient control parameters to make the advantage,savebngthg\ of the atomic transition¢Dicke mode). Fur-
of collective systems accessible for possible applicationsthermore we impose the conditia\3~1 for the atomic
For this we investigate the dependence of the steady-statgensity d such that collisions among the radiators are
properties of the atomic sample on external parameters su@yoided in our setup. However, the low density also restricts
as the relative phase between two applied strong driving lathe possible number of atoms in the sample. In order to over-
ser fields, the ratio of spontaneous decay and incoheregbme this restriction, it is possible to relax the above condi-
pumping rates, the splitting frequency between closelgtion that the sample is small as compared to the incident
spaced atomic states, or a surrounding thermal bath. As diyavelength for one or two dimensions. This yields pencil-
rect applications, we also analyze the fluorescence and thghaped or disk-shaped samples. Our analysis also applies to
absorption spectra of the systems. Finally we discuss thghese geometries, if one introduces a geometry-dependent
time evolution of the atomic sample into the steady state t@actor . as prefactor to the atomic decay widt-6]. In
verify the fast system evolution which is typical for collec- these setups, dephasing by dipole-dipole interactions among
tions of atoms. Due to the general approach, our analysighe radiators is avoided due to the low density, but the total
applies to atoms in both V andi configurations as shown in  number of atoms and thus the collective effects can still be
Fig. 1, and allows us to obtain analytical expressions for theonsiderable due to the extended geometry.
steady-state solutions of the discussed setups. The two dipole-allowed transitions between the states
By appropriately choosing the relative phase, all atoms2)—|1) and |3)«|1) are driven independently by two
may be trapped in the upper atomic state doublet of th&trong coherent fields with Rabi frequencie@,2and ),
three-level systems in V configuration, and in the lower dou-and phasess, and ¢;, respectively. In the V system, the
blet for the A system. Similar effects occur without phase- upper State&) and|3> decay to the ground state with decay
dependent terms if the ratios of the spontaneous decay angtes 2, and 2y5, While in the A system, the upper stal#)
the incoherent repumping rates are varied. In these trappingecays to the ground staté® and |3) with rates 2y, and
states, the total collective fluorescence light is completely,,
SUppreSS@d for the phase-dependent scheme, while for the Adopt|ng the mean-field, dipo|e’ and rotating-wave ap-
other scheme the inhibition of the entire collective ﬂUOI’eS-proximationS' one may write the Hamiltonian describing the
cent light occurs for thé\ atoms only. For different values of jnteraction of the V-type atoms with the cavity EMF and the

the rglative phase or of.the ratio of spontaneous decay ratesternal coherent fields in the interaction picture 55
and incoherent repumping these doublet states may also be

partially depleted. Increasing the number of involved atoms H=H¢+Ho+Hj, (1)
leads to a more rapid transfer of the atoms into the trappin
state or vice versa. This property may be used to build fast
optical switching devicegswitching timet,~N™1) conve- Hi=%(w.— w )a'a,

niently controlled by the relative phase of the two laser

fields. As an additional weak probe beam would experience _ i
absorption or gain depending on the steady state of the col- Ho=filoSo+ idsSigt 2, {fil,Sye +H.c},
lection of atoms, this fast switching between the ground and
the excited states might be used to construct a quantum op- , L = +
tical transistor. We further show that the system dynamics Hi=i X (§-dufa's, - Sual.

may also be controlled by surrounding thermal fields and by aci23

the splitting frequency between the two closely spacedHere, w, is the frequency of the cavity mode, angd= w,,
atomic bare states in the V- andtype systems. = w3 Is the frequency of the two applied external fields with

[2) e——

12\ |

mEAE 3)

Il. THE MODEL AND MASTER EQUATION

here

ae{2,3}
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detuningsA,=wy;—w; and A;=w3;—w, to the atomic tran-
sition frequenciesv,; and ws;. (§-d,;) describes the atom-

L
O = (Mo 00D =~ 3 T {(SulS1: O]

ac{2,3
field coupling, anda' (a) are the creatiofannihilation op- _E{ }
erators for cavity photon@=[a']"). The collective operators +No{[Su1:[S1, O 1D}
N N - X I 5{(SulS15 01 ])
) a#BE{2,3}
Sup= 2 S = 2 (Bl = a)(B (2) _
PateaEy + (S0, [S15. 001D} + Hee.

7
describe transitions among the collective stagsand |a) @)
for a# B and collective populations far= 3, and satisfy the Here, the decay constants are
commutation relation[S,s, Sy o/ 1= dpg Saar = FparSprp foOr . 3
{a,a’ ,B,B}E{1,2,3. Pz 9 ) ®)

In Eq. (1), the first term represents the free EMF, whereas hk=i(8 = A,)]
the second term is the Hamiltonian describing the free atoms
and the coupling to the external coherent fields. The last term (”-5 )(*.a )
. . . i . . _ g-0p)(g-dp
considers the interaction of the atomic sample with the cavity Lop= 2K —i(0,—A)] 9
(9 [e%

mode.
In the Heisenberg picture and for V-type samples, thefor o+ S€{2,3}, and N, =[exp(éiw,,)—-1]"t is the mean
time evolution of the mean value of an arbitrary collectivethermal photon number at the atomic frequenaigs=w,

atomic operatoO(t) may be written as follow$3,11]: -w; and at temperatur®@ [¢=(kgT)~* with the Boltzmann
constantkg]. Note that in Eq.(7) for the in general non-
d i (§-d,y) Hermitian atomic operator®(t), the H.c. terms should be
—(0(1)) = —([Ho,0 ) =- X @S, 0] evaluated without conjugatin@(t), i.e., by replacingd*(t)
dt i wpy b . : o .
with O(t) in the Hermitian conjugate parts. Next, from Eq.
+([O(1),S1]a)}, (3) (7), one can obtain the equation for the density map(is.
As

where the notatiod: - -) indicates averaging over the initial q q
state of both the atoms and the thermal EMF environment Tr(—O(t)p(O)) :Tr<—p(t)0(0)>,
system. Assuming that the atomic subsystem couples weakly dt dt

to the surrounding EMF, i.e., in the bad-cavity limit, the \yao optain for a V-type sample the density mafi35]
EMF operators can be eliminated from the above equation of
motion. On solving formally the Heisenberg equations for d
the cavity field operators one can represent the solutions in dt
the form[33]

PO+ THopl== 3 (M (S0, Siep)

ace{2,3}

+ ﬁa[sali[sla,p]]} + rpa[s.l.wsalp])
T+ = ot T

2O =20+ 20, @ = 3 (NpllSa Sy

a#BE{2,3
+ NS0 [Sipp]T}) + Hec. (10)

aj(t) = af (0)& %" (5 In Egs.(7) and(10), the first term followingd(O(t))/dt and
dp(t)/dt describes the coupling to the coherent driving fields.
.z The second term considers the incoherent interaction of the
> MS (b, (6)  atomic sample with the environmental bath. As expected, the
weizy K—i(8—A) ™ thermal bath induces atomic transitior|®)«|1) and
|3) <= |1) with rates proportional to the mean thermal photon
as the free and the source parts of the EMF operators, respammber at the corresponding atomic transition frequency. In
tively. Here,k is the rate at which the cavity is losing pho- Eq. (10), we additionally introduced phenomenologically an
tons, andd.=w.—w,. TO represent the cavity field operators incoherent repumping of the atoms from the ground to the
in this way one has to impose the restriction that the timeexcited levels as shown in Fig. 1, as this will turn out to be a
required for a light signal to cross the atomic sample iscrucial ingredient of our control schemes. These terms are
shorter than any other relaxation times in the system, i.e., theroportional to the pump rateg (a=2,3). The last term of
system loses the memory of its past. Introducing @d.in  Egs. (7) and (10) accounts for the spontaneously generated
Eq. (3) and using Bogoliubov's lemmB4] to represent the  coherencéSGO or cross-coupling effects via the exchange
free atom-field correlator&]()A(t)) and(A(t)a(t)) via the  of virtual photons on atomic transitior@)—|1)— |3) or
atomic operators and the bath characteristics only, we obtaivice versa. The notation “virtual” here refers to the fact that
an equation describing the quantum dynamics of any collegphotons involved in these processes cannot be detected. In
tive atomic operator: free space, these cross-damping effects are strongly depen-

with

al(y=n"
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[T2) [P2)

dent on the mutual orientation of the dipole momei}tlsand

ds; of the two transitions. It is absent fak, L ds; and is 7—‘ f f‘ -
maximal for 521||a31 [1]. While the condition(§21||<§31 is vy — (T [y, e— )
rarely met in atomic setups, it is possible to overcome this

difficulty by letting the atoms interact with the EMF of a "“ f f‘ -

preselected cavity mode in the bad-cavity limit. With suitable |@3) [3)
cavity parameters, one may obtain SGC even for initially
orthogonal dipole moments, as was showh3f]. However, FIG. 2. Dressed-state notation of the three-level systems indi-

our analysis does not depend explicitly on the cavity, suctfating the allowed transitions among the dressed states together
that different schemes which provide nonzero values fowith the dressed relative decay rates. The left scheme stands for the
SGC may be equally applied. Following similar steps as deY radiators while the right one represents theatoms.

scribed above, one may also derive the corresponding master

equation describing a sample dftype atoms. It may be 1 L~ ~

obtained from Eqs(7) and(10) by swapping the two indices Wy = E{_ sing|2) - cos6[3) +|1)}, 19

of each transition operator havirgor 8 as one of the indi-

ces, €.0-5u1 = S where sing=0,/0, and cog=0/Q with =02+ 02 We

also apply the transformatio8,;=S,,e%«(S,,=S,,&%) in
Ill. STEADY-STATE SOLUTIONS Eq. (10) for V- (A-)type atoms and drop the tilde afterward

OF THE MASTER EQUATION for notational simplicity. Taking advantage of Eq4l) in

, i ) , the transformed Eq.10) and neglecting terms that oscillate
In this section we derive exact strong-field steady-state

solutions to the master equation E#0) for several setups of with frgquenc;t:ﬁl fa|r|1d Igrgedr In a dseculztar appro?|m§t|on,
interest, where with exact we mean valid for all numbers of2N€ arnves at the following dressed master equation:
atoms and without further approximations other than the 1

secular approximation. We then discuss how the collective ,, +i(O[R, p] = - ={y_([Ry2Ro1p] + [Ryz Ra1p])

properties of the atomic samples may be modified by means 2

of the external parameters. + £([Ry, Rypp] + [Rag, Ruap])}

Y+
A. Phase manipulation of collective processes - Z{[Rzav Raop] + [Ra2, Roap] + [Ry Ryp}

In this subsection, we investigate the dependence of the
collective quantum dynamics on the relative phase between
the applied external coherent field9]. For this, we assume
the two atomic transitions to be degenerate and the environ-
mental temperature to be zero, i.8,~0. In the V -system, ~ o~ o~
with 8,=A,=0 in Eqg. (10, one obtains y,=I, Y-=7,C08 0+ y3SIF 0= 7,3C08(A¢h) sin 20, (13)
=(g-d,)?/(%2K) as the spontaneous decay rates into the cav-
ity mode on the transitionga)— 1), while y,z=I,p f
=ny,Yp are the cross-damping contributions withas a
control parameter which is unity for maximal cross-damping
contributions and zero if these cross-coupling terms are ab-
sent (a# BE€{2,3}). The parameter; also allows one to
account for possible external perturbations such as collisions + 73 COS(A¢h) sin 20. (15)
which may reduce the SGC contribution. However, as was
already shown for particular decoherence sources in C°"eq:|ere,Rz: Ryy—Ras With R, z=|W )W | for {a, B} €{1,2,3
tive systems[37], moderate disturbances may be compen-, 4 Adbi= o= by, The opoéﬁatorg?aﬁ fepresent a rotation of

sated by increasing the number of atoms or the intensities qhe ¢ lective bare-state operators and hence satisfy the same
the applled fields. In partlculqr, Wh'le needs 1o be above o nmtation relation as the old operators. As with the bare-
zero, it may .be less than unity In our sphgme. AS We argiate equations, the corresponding dressed master equation
interested - _in  the  strong-field limit QQ%N%’ for a A system is the same as H42) except for the permu-
Nrp (¢ €12,3}), we change to the dressed-state picS&  44i0 of the indices in the right-hand part of it. can be
Fig. 2): interpreted as a dressed decay rdtés a dressed pumping
rate, andy, describes the distribution of population between
two of the dressed states as indicated in Fig. 2.

The dressed master equations for both V- ahdype
W) = ir { sin]é|2> +e os@|3) +|D)}, tsr?mfpllfs a_tdm]it an'exact steady-state solufsuiindexs) of

V2 e following form:

+H.c., (12

=rp, cog 49+rpssin2 0, (14)

Y= (y2+ rpz) Sinz’é"’ (yg+ rp3) COSZ’é

|W,) = cos6|2) - sin 6]3),
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TABLE |. Mean steady-state values of the collective 1.0
operators. 0.8 \i
Z 0.6/
X=0 X=1 X— 0 Q':: 0.4
(R)s 0 2/3N N 0.2
(R)s 0 1/2N(N+1/3) N? 98
(Rys N 1/3N 0 08l © @ ~
™ ™ TANNA . ! i 7y
S ANAYANVAY I B U
Soall N /PN UL Vo |
N r = I\ AN Sl L) }
pS:Z‘lzx{,(A)E r,m){m,r|. (16) 0.0l i MW !
r=0 m=0 o 1 2 3 4 0 1 2 3 4
A¢ (units of 7) A¢ (units of 7)

Here,|r,m) are eigenstates of the operat®&sR,,+Rg3 Ras
andRy;+Ry,+Raz with eigenvalues, m, andN, respectively, FIG. 3. The dependence ), (b) the steady-state population of
and Z is a normalization constant chosen such thdip§r  the collective dressed sta#;) and(c), (d) of the total collective
=1[17,19,20,3% The coefficientX, is given by the ratio of steady-state fluorescence intensity as a function of the relative
the dressed spontaneous decay rat¢o the dressed pump- phaseA¢ for the V system. The dash-dotted, dashed, and solid
ing ratef, andX, is the inverse oK, (see Fig. 2 curves correspond td=1, 10, and 200, respectively. Furthér
y f =mwl4, n=1,®(r)=1, andC=(a), (c) 4, (b), (d) 0.5.
Xy=—, Xy=—. (17)
f Y- |'¥,). In order to understand this behavior of the dressed-state
The steady-state atomic population of the dressed states $eady-state populatiof¥';), we take the limitN— o of its
then given by population per atondR;1)s/N. As shown in Table I, one ob-
N2 = (N 25X 4+ N(X = 1) + 2X _tains 1for 0=X<1,1/3 _forle, and 0 forX>1. Thus the
(Ryps= Noo E) jumps occur atX=1, which in our exampley=1, 6=m/4,
(X= DIN+ )X = (N+2)XT+ 1] and for C>0.5, corresponds to a phase difference of
and (Rg9)s=(Ryp)s=(R)s/2 with (Rs=N-(R;,)s. Here, we cosA¢:1—1/Q. Then the trapping ranges for the V aAd
have dropped the index of because all discussed popula- SyStems are given by

tions depend identically on the respectXgand X, param- 8(A¢)y = 2 arccobl - 1/C], (18)
eters for both systems. The steady-state behavior of the col-
lective atomic operators for some particular values of the 8(A), = 2(m - arccofl - 11C]). (19)

parameterX is given in Table I. The mean steady-state

atomic population in the collective bare stétg can be cal- On increasing’ by decreasing the incoherent pump rates, the

culated by the relatiogS; )s=[N—(R;)s]/ 2. trapping ranges of the V system become very narrow while
For simplicity, in the following we consider the case  for the A radiators the trapping domains become wider. Note

=Y3= Yo, Tp,=Tp,=Tp- The parameteX may then be written  that in the absence of incoherent pumpiag- =) only the

as Xy=C{1-7sin 20 cosA¢} with XA:X\—/l_ C=yl1, is the A-type samples can be trapped, including the single-atom

ratio of spontaneous decay and incoherent repumping in th‘éaseN:l' In this case without incoherent pumping, the

atomic systems. Boti andX,, (X,) will turn out to crucially stea'dy—stat'e:- populations Of. the dressed states of both samples
influence the system behavior are insensitive to the relative phade, except for the spe-

First we investigate the casg=1, 6==/4, andC=4, i.e., 1.0
the decay dominates over the repumping. Figug Shows
the steady-state population per atom in the collective dresser=
state|W,) for different numbers of atomN against the rela- ==
tive phase between the two applied strong laser fields fors
V-type systems. The corresponding results for Aheystem 0.2 4
are displayed in Fig. (4). As can be seen, a single V-type 0.0

(b)

7R AR
\\ /'/

atom (N=1) may only be trapped in¥,) for A¢=n ! N/

x 27 (n€{0,1,...}), while a singleA-type atom may notbe . °° NP NG
trapped with incoherent pumping. However, a collection of E 0.6

atoms(N> 1) allows for trapping for both the V and the < 0

systems. The rang&A ¢) of the phase difference, for which 0.2

the collective coherent population trapping effect occurs, 0-00 20 7 S 3 2
grows with an increasing number of atoms, until in the limit Ad (units of ) Ad (units of 7)
N—oo the system exhibits jumps between two states with

either all or none of the population in the collective state FIG. 4. The same as in Fig. 3 but for thesample.
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decay out ofinto) state|¥,) just equals the dressed pumping
in the reverse directiofsee Fig. 2.

We end this subsection by noting that in the strong-field
limit with incoherent repumping the trapping of a large en-
semble in principle does not require the presence of the
cross-damping terms, that is, for large samples one can trap
the radiators with bothy=0 and »# 0. Also, for large sys-
N ~— tems, the collective trapping dressed state) can be com-
— S~ pletely depopulated in both cases. However, for smaller
"""" V-type samples it is difficult to trap the atoms without cross-

[ coupling terms since then one needsO, i.e., r,—o or
""""" -/ \ T Y% — 0. Similarly, trapping of a small sample of atoms
1 1.5 20 0.5 1 1.5 2 without the cross-damping terms requi@s:, i.e.,r,—0
¢ c or yp,—o°. However, this limiting case corresponds to the

FIG. 5. The dependence of the steady-state population in thgvell-known decay-independent coherent population transfer

collective dressed stat#;) and the total collective intensity on the mt?Cha”f'stT]‘ b%tv_ve_en ?taltjjés and|3) V.'ataldaQIEwg ﬂlﬁ Inten-
ratio C=y,/r,. The left column corresponds to the V sample, the siies _0 € dnving neids appropriately. us the Cro.s.s'
right to the A system. The dash-dotted, dashed, and solid curvegampmg terms make the presented schemes more efficient

correspond tN=1, 10, and 200, respectively. Herg=0, = /4, especially f_or smaller samples. Furthermore, without the
andd(r)=1. cross-damping terms, no phase control of the system dynam-

ics is possible.

(Ri1)/N

I/ N?

©C O O O O PO O O O O B

O N B oY 0 OO N I Y 0 O
A -

cial caseA ¢=2mn and §=m/4, where the collective dressed . ) )
state|¥,) decouples from the interaction with the environ- B. Magnetic and thermal influences on collective processes
mental bath. In this section we investigate the influence of the thermal
For=<0.5, i.e., dominating repumping, the results shownenvironment and the splitting frequency between the two
in Figs. 3b) and 4b) may be interpreted accordingly. The closely spaced atomic states on the collective quantum dy-
main difference is that the conditiody<1(X,=1) is al-  namics for both the V and th& systemg20]. The influence
ways satisfied, such that the collective dressed $#feis  of incoherent driving fields on the collective dynamics is
never entirely depleted in the V system and never fully popudiscussed in21]. We assume the frequencies of the two
lated in theA case. Thus no discontinuities can be observedeoherent driving fields to be equal to the average of the two
Figures 5 and Gupper row show the dependence of the atomic transition frequenciesyg:=(w,,+ws1)/2, such that
steady-state population in the collective dressed $faeon A:=A,=-A;. Also, we choose equal phasés=¢;=0, no
the paramete€, for both =0 and»=1. In these cases the jncoherent pumpingp:O, and cavity parameter§,=0 and
trapping is feasible for a large sample of V- &type atoms k> A. The corresponding master equation may then be ob-
and the collective jumpgor discontinuities foN— ) occur  tained from Eq(10). In the following, we again discuss the
at X=1. These discontinuities may be explained as phasgtrong-fiem limit Q,>Ny,(n+1), «€{2,3}, and consider
transitions[17] and are due to the fact that the sample ofywo different cases for the splitting between the two closely
atoms forms a collective dipole moment which evolves on &paced uppeflower atomic states in the V¢A-)type sys-
time scaleN times faster than the single-atom dipole mo-tem. The first configuration is given Yo:=0,= Q5 and will
ment, thus allowing for corresponding changes of the collecye referred to as theondegenerate systeffhe second con-
tive dressed steady-state populations. They occur for thﬁguration may be obtained by assuming;=0 and will be
V(A) system at the points where the dressed spontaneoysserred to as thelegeneratesystem.

For the nondegenerate emitters we transfer into the fol-

AN lowing dressed-state picture:
0.8/ Y\
2 A\ 1 , 1
306 \\ |W,) = ={(sin 6+ 1)|2) - (sin 6 - 1)|3)} + —= cosH|1),
S 04p 2 V2
0.2 g
0.0 A 1 ,
Lo— < |\P1>:T§cosa{|2>—|3>}—3|n 61),
0.8 ‘\\ g v
% 0.6 Ny
= 0.4 \\. \\\\\\\\\\\\ 1 . . 1
~ 0t D — [y = E{(sm 6-1)|2) - (sin g+ 1)|3)} + _E cosd|1)
0.2~ S~ T T — v
0.0 N o — = (20)
0 05 1 15 20 05 1 1.5 2
¢ ¢ with  sinf=w,s/(2Q),  c0s6=120,/Q, and Q
FIG. 6. The same as in Fig. 5 but fegr=1 andA¢=1. =205+ (wp3/2)%. For the degenerate systems we use the
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transformation in Eq(11). Note that throughout the article 1.0 il
the expressions containing the generalized Rabi frequenc' 0.8 N,

with tilde (i.e., Q) refer to the degenerate atomic ensembles,i 0.6 S
while those without the tilddi.e., ) belong to the nonde- 504 —— ———{f T
generate atomic samples. Substituting E44) and (20) in T0.2] T
Eqg. (10) and neglecting terms that oscillate with frequencies 0-8 A =

Q((Nl) and larger in a secular approximation as well as as- 0.4
suming thatyg:= y,=y3=7,3 (i.€., =1), one can show that 0'3 -

the dressed master equation has the same form aflBg. % | weemmormmm—
= 0.2 -

butwith =02
. 0.1 /” P
Y- = 2yn Sir? 6, (21) 0.0 P -

f = 295(1 +N)sir? 6, (22) " "
FIG. 7. The dependence of the collective steady-state population
¥+ = 275(1 + ZN)cog 6 (23) of dressed statg¥;) and the total fluorescence intensity on both
transitions versus the mean thermal photon nunmbdihe left col-
for the nondegenerate system, and umn corresponds to V systems, the rightitdype systems. Dashed
_ . =~ lines represent degenerate schemes, while the solid curves are for
7-=%(1+N)(1-sin2), (24) the nondegenerate closely spaced bare-state models. We280
_ (outer curvesand 10(inner curves
f = yon(1 - sin 29), (25)

~ posite direction, i.e., depopulates fe,) dressed state for V
7o = Yo(1 + 2n)(1 + sin 209) (26)  atoms and populates it fok radiators. In the special case

‘9=m/4 and w,3=0, the collective dressed stat#;) de-

for the degenerate system. Hemss[exp(&hwg) — 1]t is the ; X ) :
mean thermal photon number at the average atomic frecouples from the interaction with the environment such that

quencyw, and at temperatur€. Thus, the exact steady-state the steady-state behavior in this case depends on the initial

: N P reparation of the sample.
solution of _the dres_s_ed master equation is again given by E(ﬁ’. 'IPhus by slightly vaFr)ying the frequency differenaey;
(16), but with coefiicientXyy) given by e.g., via an external applied magnetic field, in addition to

n n+1 changing the intensities of the external coherent sources, the
Xv==—7, Xx= ES for O, =03, w3+ 0, dressed spontaneous decay reverses its direction which re-
sults in large changes of the collective atomic population of
Fe1 & the trapping staté¥,). In Fig. 7, these changes correspond
Xy=—, Xy=——for Q,# Q3 wy3=0. to jumps from the upper branch to the lower one or vice
n n+1l versa.

The dressed steady-state atomic populations then can be IN_conclusion, the strongly driven atomic three-level
evaluated using E¢16). On inserting the above coefficients Samples allow for a substantial modification of the steady-
Xy(a) into Eq.(16) we obtain that the collective dressed-stateStaté population distribution controlled by various external
population of the degenerate V-type system is equal to thgarameters. The th'r.d atomic Iev_el togethe_r W'Fh the _specmc
corresponding population of the nondegeneratéype at- choices of external influences discussed in this section thus
oms. Correspondingly, nondegenerate V and degenérate gllows for a better control over the collective system dynam-

systems are equivale(gee Fig. 7. For a small mean number ics than in corresponding two-[eve] sche.nﬁﬁ], where, for
i of thermal photons and a large sample, it 1, all the example, steady-state population inversion requires the pres-

steady-state atomic population is in the collective dresse nce of special enviranments such as photonic cryERls

state|¥,) for the V scheme with nondegenerate upper barest?cr)tlflcu?er iﬁ%@ﬁ&s Of;):htg'fe;ﬁ;r; TE:S: l(i:ttt)iztroflreanudert]r;e
states as well as for th& atoms with degenerate lower bare g dep piitting req y

atomic states. In contrast to that, the collective dressed Stapeetween the two uppeflowen states in the V-(A-)type

[¥,) will be empty for A atoms with nondegenerate lower sample.

bare atomic states and for V atoms with degenerate upper

bare states in this cageee Fig. 7. For an intense thermal

bath,n>1 such thatX=1, all the collective dressed states IV. TIME EVOLUTION OF THE DRESSED-STATE
are populated equally, i.8R;1)s=(Ry2)s=(R33)s=N/3. These POPULATIONS

observations may be explained by noting that &3+ 0 While up to now we have focused our analysis on the
(nondegenerate casthe spontaneous emission populates thesteady-state properties of the given system, in this section we
collective dressed statdy) for the V emitters and depopu- discuss the transient system dynamics. This is of particular
lates it for theA atoms, while for the degenerate casgy interest for possible applications, which usually rely on a fast
=0 (and 8+ w/4) the spontaneous emission acts in the op-evolution into the various stable configurations. From the
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master equation Eq12) for the collective population in the Thus, in summary, the time required to evolve into the

dressed statl;) of a degenerate V sample we obtain: steady state foX # 1 is proportional td\™%, as is well known
for collective system$2—6]. This allows one to apply our
d . : L )
g Ru®)v == 7-{RiRey) + (RugRap)} + H(RotRu2) scheme, e.g., to build fast optical switching devif#4).
* (RaiRug} @7 V. THE COLLECTIVE RESONANCE
For aA sample the corresponding equation may be obtained FLUORESCENCE SPECTRA

from Eq.(27) by exchangingy_« f. Generally, for a collec-
tion of atoms it is difficult to obtain a closed system of equa-

tions for the atomic population operators, because the equ liah itted both L 1 d
tions for the first-order atomic correlators are expressed ifuorescence light emitted on both transitio@s—|1) an

terms of the second-order ones, the equations for secon@(_’m' Itis g_iven by t_he real part of the Fourier transform
order atomic correlators are represented via the third-orde?! the correlation function of the EMF1]
correlators, and so on. However, we can solve @) ap- f

To further discuss the system properties we now investi-
jate the total steady-state spectr®w) of the collective

proximately by neglecting the fluctuation of the mean popu- S(w) = lim | dre*(ED(F,t+ DEM(F 1)).

lation in state|W,) if the number of atom# is large. Thus t==Jo

for N> 1, the collective second-order atomic correlators MYHere, EC) and E®) are the positive and negative frequency
be decoupled as follows38]: parts of the amplitude of the EMF operater As the radia-
(RupRoa) = (Rua)(1 +Ryp) (28) tors are embedded in the cavity, they emit photons in the
cavity mode only. This means that the photons can be de-
for B# . In this approximation, for V and\ samples, the tected after they leak through the cavity walls. For a V-type

time-dependent dressed population¥f) is given by atomic sample, in the far-zone limit=|f|>\, one can ex-
a- Ry press the entire fluorescence spectrum via the collective
a-b——e@DN atomic operators as
(Ryy(t)) = a-R, : (29 S
1- b—l:eoe“ﬂf"‘b)t| Slw)y = d)(r)Ref dr €0 (Sy(7) S +(Su(DS1)
- 0
with initial condition Ry=(Ry(0)), y=(y_—T), and X # 1. If + (Su(DSE? +(Su(DSE], (3D

X>1, then in the limitN— < one hasa—0, b—N, while  \here d(r) is a geometrical factor which we set equal to
for X<1, one obtain®—N andb—0. ForX=1, the exact ity in the following. For aA-type system the expression
solution which is valid for any number of atoms is for the fluorescence spectruBiw),, is obtained by a permu-
N N tation of the indices in the above expression, eSg— S,;.
(Rya(1) = 3t {<R11(0)> - E}e_syet- (300 As can be seen from the last addend in &), for #0, in
both types of samples the emission on the atomic transitions
For X=1, the above decoupling scheme is not required, af)+«|1) and|3)«|1) is coupled. This gives rise to various
this value corresponds to the cage=f = v, where Eq.(27) spectral features which we discuss in the next section.
contains correlation functions which may be evaluated with-
out further approximations. These results also explain the _ _ _
delay of the temporal evolution due to SGC effects reported A. Phase manipulation of the collective spectral features
in [39]. There, no incoherent pumping was considered, i.e., First we investigate the feasibility of phase controlling the
f=0. The temporal evolution then dependspnwhich is a  collective resonance fluorescence spectrum emitted by a col-
function of the relative phas&¢. This can result in a slow- |ection of degenerate V- and-type radiators. Employing
down of the temporal evolution, as the trapping stdte)  Eq. (11) in Eq. (31), in the secular approximation, one can

decouples fory-—0. However, incoherent pumping and represent the total fluorescence spectrum for a V-type sample
thus nonvanishing allows as to avoid such problems. The in terms of the dressed atomic correlators:

time evolution of the collective populations in the remaining . 5

dressed states may be obtained from Eg9) and (30) by _ f i(w-00)T 02

using =2 (R;(1))=N and(Ry,(t))=(Rss(1)) (see Fig. 2 Sw)y=Re o drete 262{<R12(T)R21> +(Rig(1)Rgp)}
Without incoherent pumping, the population [i¥;) is

. . . . 2
again given by Eq(29), but with y::2~yo sir? @ for the non- + QOF {(Rys(DRa) + (Ras( DRy + (RADRY}
degenerate system, ane=yo(1-sin 29) the degenerate sys- 402 s
tem. In the limitN>{1,n}, we obtaina—N andb—0 (a (32)

—0 andb— N) for the nondegenerate (X) ensembles or
vice versa for degenerate configurations. Here, one has 'Where(ﬁ:ﬁz{lin cogAd¢)sin 2~9}_ On analyzing Eq(32),

exclude the special casés0 and#=1/4, as then the trap- we find that forp=1 and a suitable choice of the relative
ping statel¥,) decouples from the interactiofi39]. phases and the intensities of the external fields, one can in-
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hibit the spectral lines with intensities proportional(®@ or  very small (or zerg to allow for the decoupling. It is not
Q_, respectively. difficult to show that forX>1 and X<1 the steady-state
The dressed atomic correlation functions, which enter invariance{AR; ) is zero, while forX=1 it is proportional to
Eqg. (32), can be calculated by using E(L2) and the quan- N2 j.e., \(AR;)s* N2 (see Table)l Thus, forN>1 one
tum regression theorefd0]. Thus, for both V- and\-type introduces an error proportional %22 in the calculations
atoms one finds of the collective correlations function®,s(7)Rg,) [38] in
d .~ Ve making use of the above decoupling scheme. After the de-
d_r<R12(T)R21> = - 1R DRz = wia (R DR + E<[N coupling of the collective dressed atomic correlators, one
obtains the following expression for the collective resonance

= 2R11(7),Rix(1]+Ryy), fluorescence spectrum:
d ~ ¥ S(w); =12 L, I O
E_(R13(T)R3l> =1 Q(R3(1)Rsp) — YV(A)<R13(T)R31> + f([N b I‘i2 +(A - 5)2 Fiz +(A+ ﬁ)z 0.:20
- 2Ry (9. R 1R, y [~ L, h o, T ] |
g T2+ (A-20)2  T7+A% T2+ (A+20)?
E_<R23(T) Rs2) = 21Q0(Ro3(T)R32) = W) (41)

Here,i€{V,A}, A=w-wy, and we have used the equalities

X(Ro3(1)Rs2) = Ye([Ru1(7),Ros(7) 14 R0,
(R12R21)s = (Ry3Rsps = N[(R)J/2 + 1] = (R)J2 = (R)s,

d _ 42
SRAIRY = = T (RADRY £ 7[R, RANLRY. “2
(33 (RotR12)s = (RetRig)s = (N+ 1(R)J2 - (R)J2,  (43)
Here, the single-atom spectral Xvidths oi the spectral compo- (RyaR3)s = (RgoRo3)s = (RZ)SIG +(R){/3, (44)
nents emitted at frequencieg+(), wyx2(), andw, are
W= (ya+ 27+ )12, (34) (R)s= 2(RoaRsp)s = 2ARyRo3)s, (45)
with
W=y +20)/2, (35) (R?)s=[NX(N + L)XV — N(3N2 + 6N — 1)X*3
Fy= 7y, + (36) + (N +2)(3N?+ 3N — 2)XN*2 + 2X + 4X?
for a V-type system, and = (N+2)(N+ DXF[(X = )% X {(N + X2
_ N+1
Y= O+ v+ 2002, (37 (N+2X™+ 1l 49
For both V- andA-type samples, the collective resonance
Ya= By, +2y))2, (38)  fluorescence spectrum in general consists of five lines with
Iyn = 1 v N = 2(R;psl,
Ta = yet Y (39) V(A) = () Yc[ ( 11)5]
for a A-typg system. AIS(_),yC:(y_—f)IZ, and the notgtion fv(A) = * 27<Rupss
[--+, -]+ indicates the anticommutator. The last term in each
equation of Eq.(33) vanishes forN=1. Thus, these terms Ty = T F 27Rus, (47)

proportional to the anticommutators represent the collective
contribution to the spectral widths. These contributions makess the collective spectral widths of the spectral components
it difficult to find an exact solution to Eq33) for N>1.An  emitted at frequenciefwyt Q, w20, wy}. The respective
approximate method to find the time-dependent solutions igeak intensities are
to decouple the collective atomic correlators as in Sec. IV. o?

. X . " 2
For_ this, we represent the terms which are proportional to the 1% = = (RyRops, (48)
anticommutator as * 2

<[N - 2R11(T)1Rla(7-)]+Ral> =~ 2<N - 2R11>S<Rla(7) Ral) QZ

(40 If)\,/izﬁ = 4(,_;2(R23R32>S, (49
for «€{2,3}. This procedure is valid for large atomic en-

sembles, i.eN>1, as then the fluctuations of the population "

2
in the dressed stateV';) are negligible. In other words, the o= %(RﬂRu}s, (50)
steady-state variandé\R,1)s=[(RZ)s—(R;1)2]/N? should be 202
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0.020 0.03
0.015
= 8 i > 0.02
= it i 1 =
5 0.010 i A | | 3 . 5
" 0.005 _J\L JL i i % 0.01 /\/l I }
0.000 - - e —
0.04 8282
0.03
. . 0.03
=~ ~X
5 0.02 < 0.02
g =
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V50 = 20 - 0.00 % A i
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FIG. 8. Steady-state fluorescence spectra for V-type atoms. The FIG. 9. The same as Flg 8, but for thesample A¢=0 for the

left column corresponds thi=10, the right toN=100. The upper g lines, Ap=m(Ap=cos'3/4) for the dashed lines, and
row displays the cas€=0.5, the lower is foC=4. The solid lines =0.5(=4).

show A¢p=m/2, the dashed lines are drawn fit=1, i.e., A¢
=m(A¢p=cos13/4) for C=0.5C=4). The other parameters af®

e serve that due to the presence of the cross-damping terms the
=10Nvyy, 7=1, 6=m/4, d(r)=1.

relative intensities of the spectral components emitted at fre-
02 quencieqwyx Q} vanish forA¢=2n7 and 6=x/4, while the
(A) _ _ 35+ . .- .
o220 = §<R32R23>s- (51)  intensities corresponding to the spectral components gener-
4 ated at{wg,wyt2Q} are always zero forA¢=(2n+1),
For a V-type sample, Fig. 8 shows the steady-state fluofn€0,1,2,...}. These properties are valid for any number of
rescence spectrum, where the left column correspond$ to atoms in the sample.

=10 and the right column is fdi=100, while the upper row Figure 10 shows the dependence of the steady-state col-
dlfplays the 0?36_0'5 and the lower row Sh.OWS the case lective intensities of the spectral lines located ) feft
C=4. The solid lines correspond to a relative phase ~
=712, i.e., Xy=C. The dashed lines are drawn fo=1 column and{0,+20} (right column for the V- andA- type
which is equivalent toA¢=m(A¢p=cos'3/4) for C=0.5C  sample, respectively, as a function of the ratio

=4). The main properties of the collective spectral lines are From the main properties of the SDECWEU lines discussed
as follows. IfX\,=1, then the widths of all lines are the same above, for a large V system one has 0 only for C

as for a single atom, while the peak intensities are propors, { Xy>1). F <X <1 f A find
tional to the squared numberofatomE If Xy<1, then the (V)( )._For C<1(X,<1), or for ¢ 7, one Tinds

spectral widths for all bands and the peak intensities for thég .55 =0- If 9=m/4 andA¢=m, then this intensity vanishes
lines at ) are proportional to the number of atoswhile  for any N since then2=0.
the peak intensities of the lines located#2(),0} are inde-

pendent ofN. For X,>1 the spectral widths are a linear ~ 9-08
function of N for the spectral lines at@, while the intensi- , ©.086
ties are independent of for these lines. The spectral widths = ¢ g4
for the bands af+2(),0} are the same as for a single atom, < 0.02
while the intensities scale a¥.

Figure 9 depicts the corresponding results fondype 092
sample. Here, the solid lines are drawn fo$=0, i.e., X,
— oo, The dashed lines correspond Xq=1 or A¢p=m(A¢ 2 0.06
=cos'3/4) for C=0.5C=4). If X,=1, then the peak inten- < 0.04
sities of all five spectral lines scale B8, while the spectral = 4 4,
widths are the same as for a single atom. Kqr<1, the 0.00

peak intensities of the spectral bands are independeit of
while their spectral widths are a linear function Iéf If X,
>1, then the peak intensities and the spectral widths of the FIG. 10. The variance of the steady-state collective intensities of

lines located at @ depend linearly orlN. At frequencies the spectral bands against the ratioThe upper row is for V-type
{£20Q), 0}, the peak intensities are proportional to the square@ystems, the lower fok-type samples. The left column corresponds
number of atoms and the widths are the same as for a singte the sidebands located ap+ () and the right one to the spectral
atom. lines emitted at{wo,woizﬁ}. All figures are forA¢=m/2. The

From the explicit expressions for the collective fluores-dash-dotted, dashed, and solid curves correspoNg-tt0, 100, and
cence spectra of both V- anli-type samples one can ob- 300, respectively.
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For a largeA-type system botlh(+A~) andI(Aj - are equalto C<0.5(or X,>1). Here, for evemn, the N dependence is
~ 0 0.£20 quadratic while it is linear for odd.
zero forC> 1(XA(f) 1). Also, for §=m/4 andA¢=, one has Figures(5) and (6) (second row show the steady-state
02=0 and thusl0 w50 for any number of atoms. collective intensities emitted on both transitid@s« |1) and

The total steady-state intensity, of the collective fluo- |3)<|1) in V and A atoms, but with»=0 and 1, respec-

rescence light emitted spontaneously on both transitiondVely- In Fig. 5, three cases faf can be distinguished. For
12)+|1) and |3)<|1) may be evaluated from Eq41) to C<1 and largeN, one findsl,=N andl ,=N(N+5)/6. Thus,

give for V atoms, only the spectral lines emitted @§+ () con-
02 02 tribute to the fluorescence intensity, while for theadiators
ly= ——[N(R)e+ 2) - (R = 2R)J + —=(R.)s, the contribution comes from all five spectral bandsC#1,
202 402 thenly=1,=N(N+3)/6 and all five spectral lines contribute
to the collective intensity for both system types.df1,
0? , 0? thenly=N(N+2)/6, butl,=0. Here, the spectral bands at
A= E[(N * (R~ (RS + 4§2<R+>5’ (52) frequenciesy,, wyx2() contribute to the spectral intensity of

the V-type atoms. Thus fon=0 andN> 1, the suppression
with (R,)s=2[(R?+2(R).]/3. First, we investigate the case of the collective fluorescence intensity may only be observed
77:1,79:77/4 with C=0.5 or 4. Figures @) and 3d) show for the A system. I_:or_ t_h_e phase—dependgnt scheme with
the collective steady-state fluorescence intensity per emitte§®=7 (S€€ Fig. § inhibition of the collective resonance
atom1,/N? for a V system. Minima occur aroundl¢=m fluorescence occurs for large V-type samplesXpr1 and
for n€{0,1,2,..}. A comparison with Figs. @ and 3b) for large A-type samples wheK, <1 (or C>0.5). Thus the

shows that the minima occurring feven 1iX,=0) are due emission properties of the V-type atomic sample depend
0strongly on the relative phase between the applied external

coherent fields. In particular, the inhibition of the total fluo-
jescence light emitted by such a V sample occurs only for
the phase-dependent scheme.

state|¥,), i.e., in the collective upper bare stat@sand|3).

In Fig. 3(c), the fluorescence intensity also tends to zero fo
N> 1 at phase differences correspondingtill n However,
the population is not trapped in,) at these phase differ-
ences, but distributes equally over the two other dressed
states. Thus 0.5 of the atomic population is in the ground .
bare statél), while 0.25 of the population is in each of the If the emitters are surrounded by a thermal bath rather
upper bare staté®) and|3). Because there is no inhibition than the usual vacuum, the resonance flq(_)rescence spectrum
of fluorescence for a single atom, these minima may be inbas the same form as Ee1), but with modified parameters.
terpreted as arising from subradiant states: One-half of thEOr the nondegenerate atomic samples, with0, the col-
population is in the excited state, and any emission from théective spectral widths of the spectrql components emitted at
excited state is absorbed by the other half of the populatioffeduenciegwo ), wo+2(), wo} are given by

in the ground state. In Fig.(8), for smaller values of, the _ — ; _

dark states at odd do not occur, and even the local minima Py =i ¥ y08ir AN = ARy

at the corresponding phase differences eventually disappear

B. Magnetic and thermal influences
on the collective spectral features

with sufficiently intense repumping fa?<0.5 (or Xy<1). fV(A) =W £ 2% Sir? &Ry 1),
In this case the radiation intensity scales linearly wttas it
does for an ensemble of independent emitters. Ty = T £ 2% sir? &(Ryy)e, (53)

In a large A sample(N> 1), the fluorescence may be
suppressed foA p=m(2n+1) with n€{0,1,2,..} if the de- where the corresponding single-atom spectral widths are
cay dominates over the repumping as shown in Fig).4 given by
This inhibition is due to the trapping of the population in the

collective dressed staf@’;) as already found for even in W= Yol +0+ 2N sinf 6), (54)
the V system, though here only for largd. For A¢ _ _

=2mn(X, — ), the collective steady-state intensity is maxi- W= Yo(1 +N)(2 +cos 6), (55
mal and proportional to the squared number of atoms

N71,=N(2+N)/3]. Then, 0.5 of the population is in the up- W=2y(1+n), (56)
per bare statél), and 0.25 of the population in each ground

bare statg2) and|3). Thus this setting can be interpreted as

a superradiant state. This superradiant state is analogous to Ya = Yo(1 + 1) + yo(1 + 20)sir? 6, (57)
the intense-field limit of collective resonance fluorescence

frpm a syste'm o'f two-level emittefd5], where the' superra- T = 2900 SIr? 0+ 3yy(1 +N)co 6, (59)
diant behavior is due to the quantum fluctuations of the

vacuum. With increased pumpiiigee Fig. 4d) with C=0.5], T = 270+ cOZ 6). (59)

no trapping can be observed and the maxima @t 7(2n
+1) eventually vanish as the intensity is proportionaNtéor ~ The peak intensities of the spectral lines are given by
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v> = sir? 3.0
=sin® (Ry1R12)s, (60)
g 25 (a) (b)
35 2.0
= 1.5
150, 0=5 CO§ & RoaRs2)s, 6D @w
S 0.5 A
) — o 0.0 LA A A A N
ItQ =sir? 0<R12R21>5, (62) 1.2
1.0 ¢ d
s o o (c) (d)
li20,0= > coS &(RgRy3)s. (63) 5 0.6 .
= 0.4} , ! !
- wn !
For the degenerate atomic systems, with /4, the cor- g'é B\
di It Y -20-10 0 10 20 -20-10 0 10 20
responding results are A/N(units of vg) A/N(units of vg)
Yo L
Ty = wiay £ [1 = sin 20][N = 2(Ryp)s], FIG. 11. The steady-state fluorescence spectrum as a function of

the detuningA. The left plots belong to a V system, the right ones
to aA sample(a), (d) correspond td),=Q3 andw,3# 0, while (b),

FV(A) W) F Yo[1 - sin 20K(Ry s, (c) correspond taw,3=0 and ), # Q5 (independent of the precise
values. Here, N=25; solid line,n=1; dashed linen=0.4; sirf §
Ty = vy F o1 = sin Ry, (64)  =siM 6=0.1;and0=0=10Ny,
with ping the collective contributions in the spectral widths which
are then broadened only by the thermal reservoir.
W= vo(l+20) + (1 +A)(1 - sin 29), (65) For a large (A) sample(N> 1) with nondegenerate up-

per bare state@legenerate lower bare statesd bath tem-
peratures withX, < 1(X, <1) the collective iTtens(iti)es of all
. A A
S = 7ofi(L — sin ) + §7,0(1 +M)(1+sin%), (66 Spectral lines are zero, iel,g=1.y, o=0(,5 Y l'opy 6=0)
2 [see Figs. 1(), 11(b), 12(a), and 12b)]. The |nh|bition of
_ _ the collective resonance fluorescence in this case is due to
W= yon(1-sin29) + (1 +20)(1+sin29), (67)  trapping of all population in the dressed sthig ;) (see Fig.
7), i.e.,{R;1)s— N while both(R)s and(R?) tend to zero. For
a large MA) sample with degenerate upper bare states-
degenerate lower bare statesmd low temperatures the peak

intensities of the spectral bands generated@tﬁ(wo+0)
vanish identically, i.e. L( =0 119=0) [see Figs. 1(]a) 11(b),

12(a), and 12Zb)]. Then the peak mtensmes ~ (I 20’0)

Yo=Yl +2n) + ?ﬁ(l - sin 279), (68)

- 3 -
Ya=Y(L+N)(1-sin 29 + 57’0(1 +2n)(1 +sin 29),

(69) +20,0
0.30
5 5 L 0.25 (a) (b)
Ya = Yo(1 +N)(1 = sin 20) + yo(1 + 2n)(1 + sin 29), =3 0.20
§ 0.15
(70) Q:; 0.10
& 0.05) N\,
and o.ook ~—
., 0.:30 ©
1- 5|n26 Ri5R59)s, 71 =z 0.25
8= NRiRes 1y F o2
$ 0.15
¥ 1 _ c‘; 0.10
11260 7[1 +in B ReaRoo)s (72 SO
71 50 100 150 2001 50 100 150 200
N N
(A)
g 2[1 sin 26(Ry1Ry s, (73 FIG. 12. The steady-state dependence of the spectral peak inten-
sities as a function of the number of atorNs generated ata)
wotQ(woif)) with  subindices x=2, y=1; (b) wyx2Q,

A pl ~
Iiz)m —[1+sm 2(RoaRs0)s- (74)  wo(wx2Q, wo) With x=2, y=3; () woQMwo ) with x=1,y

=2;(d) w012(~), wo(wex2Q), wg) with x=3, y=2, corresponding to
Note that the exact strong-field single-atom expressions fov- (A-)type samples, respectively. Further the dashed, dash-dotted,
the emission spectra can be obtained from @d) by drop-  and solid lines are plotted far=0.1, 1, and 3, respectively.
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emitted atwy=2Q, wy(we+2€), wy) are proportional to the S\ = 0,S,1€%2 + dyS;,€/ %2 (78)
squared number of atonfisee Figs. 1(), 11(b), 12(a), and et
12(b)]. The widths of all three spectral lines are the same agor the A sample, an&"=[ST',
for a single atom, because far<k1 one hasxXy,X,>1 and
therefore(R;1)s— 0, (R)s— N but (R?)— N2. A. Phase manipulation of the absorption properties

For a degenerate V-type systefmondegenerateé\-type In the following we investigate the possibility of control-
system, the spectral peak intensities generated afing the absorption properties of the degenerate three-level
{20, woH (w20}, wp) exhibit a minimum that is more samples using the relative phase between the applied strong
pronounced with increasing[see Fig. 1&d)]. To explain its  coherent fields. Introducing E¢L1) in Eq. (76), and making
origin we represent the intensities of these lines via thause of the secular approximation, for a V sample we obtain

dressed-state atomic correlators the following expression for the absorption spectrum:
W) _ _ o 2
o0 % 1430,0 % (RegRa2)s = (RazRo9)s = (R)J3 +(R)J6 WY (1) = Re f dTe'<wo—v>f{ Q‘z{qRﬂ(T), Ry,])
o 2Q0)
(79 ,
QOF
with Xy(w3=0)=X,(w,3#0)=1+1/n. For a weak thermal +([Ra1(7),Ryal)} + E{([R23(7)1R3ﬂ>
bath, i.e.,n<1, one hasx>1 and thusli\%l 0(|1Az)n,o):N/3
+N?/6, while for an intense thermal bath wift® 1, one has +{[R(7),R,]) + <[R32(T)'R23]>}]_ (79
X~1 and1'~ (1) Y=N/4+N?/12. Thus in the second

+20,0" ¥20,0

case(with X= 1) the collective emitted EMF is weaker. Note By inserting Eq.(33) in Eq. (79), one can arrive at the fol-
that Figs. 11d) and 12d) are plotted for intermediate values, lowing expression for the absorption spectrum of a weak
i.e., for values ofX betweenX~1 andX>1. Figure 7(lower  probe field:
line) further shows the dependence of the total fluorescence I r
intensity on both the thermal photon numimeand the split- WO () = ai{ L+ S ] (80)
ting frequency between the closely spaced bare states. Just as Fi2 +(Ap+ 0)? I‘iz +(Ap- 0)?
for the populations, changing the system from degenerate to -
nondegenerate or vice versa corresponds to jumps betwedere 1€{V,A}, A,=wo=v, and ay,,=(Q2/20?)
the branches in Fig. 7, demonstrating the large changes in the[+(R)./2 F (R;1)s]. Because the steady-state populations in
sample properties induced by small changes in the externghe dressed staté¥,) and|¥;) are equal, the last term in
parameters. Eq. (79), which is proportional tc()f, does not contribute.

Thus, we have shown various ways to modify the collec-From Eq.(80) it can be seen that for the particular case of
tivg resonance_fluorescencg in dr.iven three-level samples. BYiantical Rabi frequencies, i.ep=mn/4 and Ap=2nm
suitably choosing the configuration of the external param n=0,1,2,..), the absorption of both V andl samples van-

eters, it is possible to suppress the total fluorescence intensi hes. The exact strong-field single-atom absorption spectra

or the intensity of some of the spectral peaks of the fluores(-:an be obtained from Eq80) by dropping the collective

cence spectrum. As with the steady-state population diStriI:’Uc'ontributions in the absorption linewidths. Figures 13 and 14

Flon,l th|s agan lsblan atfjvant?ge lover c:grespf?ndw;g SChem%‘?&pict the steady-state dependence of the collective absorp-
Involving ensembles of two-leve atonﬁ. ]’.V‘{ ere for €x- - ion amplitude of an additional weak coherent field that
ample an inhibition of the fluorescence is difficult to aCh'eve'drives one or both atomic transitions in a V arsample

respectively, versus the relative phase between the strong
VI. THE COLLECTIVE ABSORPTION SPECTRUM external lasers. The interpretation of these results is straight-

) ) ) _forward if one considers Figs. 3 and 4. For a V-type sample
Next we discuss the absorption properties of the atomic . h =05 F=m/4 andAd=2 | Il of th |
samples. We suppose that an additional weak probe field It _" b 0_7;] ' al? '¢_d7m a rgost alo ft € popuia-
frequencyw drives both transition§2) < |1) and|3) < |1) of tion will be in the collective dresse stajl\ﬂ)_ or evenn.
the V- (A)-type atomic system. According to the linear- This means that all the atoms are equally distributed among

response theory, the absorption spectrum of the weak fielg‘e degenerate upper b"’.“e states and, thus_,_an ad_dltlonal
can be calculated by the following relatighs): weak coherent field probing one of the transitions will be

amplified. For oddn and C=0.5, #==/4 the bare atomic
) t : states are approximately identically populated so that the ab-
Wa(v) Re{hmj dre oWyt + Tvt)} (76)  sorption will be zerdsee top left figure in Fig. D3A similar
o explanation also holds if the additional probing field drives

whereW,(t+7,t)=([S (t+7),S"(t)]) with both transitions. For example, fa=2, #==/4, and oddn
the probing field is absorbed as in this case there are more
S/ = d,S;,€ %2 + dgS; 63 (77) atoms in the ground state than in each of the upper states. In
case of evem the probing field remains unmodified when it
for the V system, is coupled to both transitions, #&2=0. The degeneratd
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1.0
0.00 0.8 i\‘\ (a) i\\ (b)
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§ -0.60 ER I ANNG \ AN
-0.80 0.2 \\_____:\ hhhhhhh Tem———— \\ —; ~~~~~~~~~~~~~
0.60 9 8-2 == =
C N
0.40 \ 0.4 \\\ (C) -\\\ (d)
= 0.20 Fr \1 F/ \‘ / \ ' 0.3 . N\
~ 0.00 .31 (SN
N ] 2
§ -0.20 - i N VN v S o2 \\ \\ \\ \\\
-0.40} / \ \ 0] Nl TS T _
-0.60 0.0 —— . . .
61 2 3 40 1 2 3 4 Yo—=2 7 6 8 10 0 2 4 6 8 10
A¢ (units of m) A¢ (units of 1) A @

FIG. 13. The steady-state dependence of the collective absorp- FIG. 15. The dependence of the steady-state absorption peak
tion amplitude of an additional weak coherent figlghich drives  amplitudes a=(R;)s—(R)s/2 and B=(R)s/2-(R;ps versus the
the transitiong1)«|2) (left column or simultaneously both tran- mean thermal photon numbér The left plots belong to the V
sitions(right column in a degenerate V samgleersus the relative  system, and the right ones to thesample.(a), (d) correspond to
phase between the strong applied lasers. The upper line stands five nondegenerate schemes, &by (c) to the degenerate ones.
€=0.5, while the lower one represenfs2 and 9=m/4. Dash- Here, the dashed, dash-dotted, and solid curves are plotted for
dotted, dashed, and solid curves are plotted\ferl0, 100, and 300, =1, 10, and 50, respectively.
respectively.

0?2 _
sample(see Fig. 14may be interpreted along the same lines. av(r) = E[ﬂR)s/Z + (Rip)s] (82
Thus, by adjusting external parameters such as the phése

we can conveniently manipulate the absorption properties of ) ~ )
a degenerate three-level V dratomic sample. for degenerate atoms with# 0 and 6+ /4, respectively.

Note that the widthl'\/(I",) is different for nondegenerate
and degenerate schemése the corresponding expression
B. Magnetic and thermal influences on the absorption processes for the emission spectraFrom the absorption amplitudes

. . . . one may see that the absorption characteristics can be ma-
In this section we discuss the influences of a thermal bathyiyjated by the environmental temperature. In particular, for

on the absorption properties of our three-level samples. Nz intense thermal bath with>1, the absorption coeffi-
troducing Eqgs.(11) and (20) in Eq. (76) and utilizing the  cjents of hoth v and\ samples vanish because the dressed
same procedure as we did for the collective resonance fluQsiates are equally populated in this case. However, these re-
rescence spectra one can show that the expression for thgis are obtained in the secular approximation, that is, the
absorption spectrum, in this case, has the same form as Egeneralized Rabi frequency must be larger than any other
(80), but with decay rates in the system. In other words, on heating the
bath, one should also increase the Rabi frequency. This sug-
— i — gests that a small atomic sample is preferable in order to
) sirf f£(Ryp)s + (R)/2] 8D obtain zero absorption or, in the opposite case, very intense
external coherent sources have to be use# Fig. 1%
for the nondegenerate atoms, and

VIl. SUMMARY
0.00
> -0.10 Concluding, we have investigated analytically the steady-
- ~0.20 state behavior of a collection of strongly driven V- &itype
5 ~0-30 atoms depending on external parameters such as the relative
-0.40 phase between two applied strong driving laser fields, the
'%gg ratio of spontaneous decay and incoherent pumping rates, the
0.80 splitting frequency between closely spaced atomic states, or
> 0.60 a surrounding thermal bath. It was shown that the interplay
~ 0.40 of decay and pumping processes in degenerate three-level
5 8-38 atomic samples allows for a rapid coherent phase control of
~0.20 collective population dynamics along with the feasibility of
transferring the atoms conveniently into sub- or superradiant
A¢ (unils of ) A¢ (units of ) ensembles. It should be noted that the discussed phase con-
trol depends crucially on the presence of incoherent pumping
FIG. 14. The same as Fig. 13, but for thesample. as a counterpart to the phase-dependent dressed decay rates.
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We have further discussed the case where the three-levebmposition of the emitted light. All of these features can be
emitters are surrounded by a thermal bath. Increasing thexplained in terms of the discussed steady-state solutions for
temperature of the environment generally decreases the populations, allowing for a clear separation of effects
maximum population that can be transferred into or out ofwhich are present only in collective systems. The same holds
the discussed dressed state. This effect, however, is less prior the absorption properties, where both positive and nega-
nounced in larger samples. In this setup, the steady state tif’e gain for the probe beam can be achieved by varying the
the system is also strongly dependent on the frequency difabove control parameters.
ference between the two closely spaced ugfmever) levels Finally, we have discussed the time evolution of the
in the V(A) configuration. Thus by slightly varying this split- dressed populations to show that the presented schemes fea-
ting via an external magnetic field and by changing the inture a rapid transfer into the respective steady states, thus
tensities of the driving fields, the direction of the dressedallowing for possible applications such as fast optical switch-
spontaneous decay can be reversed which accounts for larg® devices.
changes in the steady-state population distribution.
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