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Collective Switching and Inversion without Fluctuation of Two-Level Atoms
in Confined Photonic Systems
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We demonstrate population inversion and sub-Poissonian excitation statisticdved-level atoms
in the context of collective resonance fluorescence. This occurs within photonic band gap and other
confined photonic systems that exhibit sharp features in the optical density of states. When the deviation
in the photon density of states between the Mollow spectral components is considerable, the atoms
switch collectively from ground to excited states at a critical value of the applied laser field. This
suggests a new mechanism of sub-Poissonian pumping of lasers, fast optical switching, and optical
transistor action. [S0031-9007(97)02714-2]

PACS numbers: 42.65.Pc, 42.50.Fx, 42.50.Lc

Quantum optics in confined photonic systems [1] suctvibrations of the host photonic material. The Hamiltonian
as microcavities, optical fibers, optical wires, and photoniof the system in the interaction picture takes the form,
band gap (PBG) materials exhibits novel features arisingf = Hy + H; + Hgephase, Where
from our ability to tailor the photon density of states (DOS) 1 4
in a prescribed manner. These features include inhibition 70 = SﬁAh + he(n + Ja) + D hdraiar. (1)
of spontaneous emission [2—4], photon localization in a + A
PBG [5,6], quantum collapses and revivals of atomic popu- Hi = ifi ZgA(aAle — Jaay). 2)
lation inversion [7,8], quantum Rabi splitting of atomic A
levels, and photon-atom bound states [9—11]. The distinHere J;; = SV il (.j = 1,2) are the collective
guishing common feature of the confined photonic systematomic operators;/; = J,; — J;; describes the atomic

is that the photonic mode density exhibits rapid variationpopulation inversionga, and a} are the radiation field
with frequency at certain edge or cutoff frequencies. In theannihilation and creation operatord; = w, — w;; and
optical fibers, the mode density vanishes abruptly belows, = w, — w;. w,, w;, andw, are the atomic resonant
a waveguide cutoff frequenay,. Fore = wo, the mode frequency, the applied field frequency, and the frequency
density of the fiber diverges & — wo) /2 [3]. Asimi-  of amode\, respectively.s is the resonant Rabi frequency
lar situation appears in the optical wires [4]. In pho-of the applied field andg, is the atom-radiation field
tonic band gap materials, the DOS exhibits band edgeoupling constant. The HamiltoniaHgepnase describes
and other van Hove singularities. At the band edge freadditional dephasing interactions which may arise from
quency weqge, this can take the form of a step disconti- atomic collisions and the scattering of phonons from the
nuity (two-dimensional PBG) or a singularity of the form impurity atoms if the atoms are embedded in the solid part
| — weage|'/? in a true three-dimensional PBG. of a dielectric material. We assume for simplicity that the
In this paper, we study collective atomic population phononDOS is broad and displays no sharp features. In
inversion and statistics of atoms driven by a laser fieldhis case, the dephasing part of the master equation for the
in confined photonic systems. When the deviation ofatomic density operator can then be written as [12]

the photonic mode density between the two Mollow ap 5 5
sidebands is large, strong atomic population inversion (W)dephase = (vp/2) 2J3pJ3 = J5p — pJ3), (3)

?Sclcgrrsé \é\c/)ﬁeizsg st\t]vitcxi/:er}r(t)rr]ﬁ t?]lémt;g[j:&‘ ::g?gsi'mowherey,, is a phenomenological dephasing decay rate.
g€, 9 9 It is convenient to express the atomic operalgrin

applied fidld intensiy. We. ahtow that. under.eertaint® Scwinger (boson) representation [13.14]. We wite
conditions, the statistics of the atoms in the excited/ii = % @; (i.j = 1,2), wherea; anda; satisfy bosonic
state can be strongly sub-Poissonian. This suggests Gemmutation relgtlons and Qesprlbe creation and annihi-
new mechanism of sub-Poissonian pumping for laserdation of ato[rns n thTe statd) with the additional con-
fast optical switching, and large differential optical gainStraint thataja; + a;a, = N. The atom-applied field

relevant to an all-optical transistor. part of the HamiltoniarH, can be diagonalized using the
Consider a system ¥ identical two-level atoms driven following canonical transformation [13§; = cos¢q; +

by a strong external laser field and coupled to the radiatiofiN® 42, a2 = —Singq; + cos¢q,. This leads to the

field reservoir of the confined photonic material. Thedressed state Hamiltonian,

atom;_ have excited staté), ground' statd1), resona_nt Hy = AQR; + ZhéAaIaA, 4)

transition frequencyw,;, and may interact with lattice A
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where sid¢ = %[1 — sgn(A)/(4e2/A% + 1)1/2], Q =  that changes in reservoir as a result of atom-reservoir in-
(82 + A2/4)1/2 Ry = qg‘qj (i,j = 1,2) are the dressed teraction are negligible. Our second major S|mp/I|f|cat|on
is the Markovian approximation which replacg$’) by

i — Ry — t
atomic operators, anél; = Ry, — Ry;. Clearly,q; and (r). Thatis to say, we ignore the memory effects such as

qi saysfy the bos_or_nc F;ommutatlon_relatlons and represerﬁmse arising form photon localization [6]. The dressed-
creation and annihilation of atoms in the dressed giate X . i
state master equation for the density opergiom the

Ha:?ni(ljti)eri:lid; ta;ig?jls/' 8Jt2)1 and J3n|1r:|;th eb:em?éaf;fg 4 Born-Markoff approximatiorfor the case of a strong ex-
! PO dephase P ternal field takes the form

by J, = sin¢ cos¢R; + cos ¢pR, — Si? Ry, and
J; = co92¢)R3 — sin2¢) (Ry; + R1p).  We define a9p
the time—J(rjependent interaction picture Hamiltonian™ g¢
H\(t) = UT(t)H,U(r) where U(t) = exp(—iHot/h).

The dressed-state collective atomic operators in this + Ac[RiopRy — RaRipp] + He. (8)
interaction picture exhibit the time dependerieg(r) = Here Ay = y,si? ¢ cos ¢ + y,co8(2¢p), A- =

R (0)exp2iQr),  Rpp(r) = Rin(0)exp(—2iQr), and  y_sint ¢ + y,si?(2¢), and A, =y cosd ¢ +
R3(1) = R3(0). Hereafter we drop the tilde on the inter- y, si*(2¢)). The spontaneous emission decay rates
action picture operators. ClearRs, Ri2, andRy; canbe vy =27, 838(wy — wr), y- =27, 8:6(w) —
considered as the source operators for the central cons, + 20), vy, =27, g36(w) — w, — 2Q) are
ponent, left and right sidebands of the Mollow triplet at proportional to the density of modes at the dressed-state
frequenciesw,, w; — 20, andw, + 24, respectively. transition frequencies. In deriving (8), we have also used
In this interaction picture, the interaction Hamiltoniéf  the secular approximation [14—16] for strong applied

= Ao[R3pRs — Rip] + A_[RaipRi> — RinRaip]

takes the form laser field with Q > Ny, Q > Ny_, Q> Ny,.
. i to isy That is, the fast oscillating terms with frequencizQ
Hy = ih ggA(S'”d’ cosga,Rse and4Q) in the master equation were ignored. Physically,

2 st i(5,-20)1 it means the three Mollow spectral components are well
+ Cos dayRize separated and the overlap between them is negligible.
— sirf ¢GIR216i(SA+2SI)t) + H.c. (5) We note, finally, that the master equation (8) reduces to
The dephasing part of the master equation remains in thtge f_ree space case .14'15] when = y- = y,.
. It is convenient to introduce the dressed state ket vector
same form (3) except with _ , :
_ . . |[n) = |N — n,n) which denotes a symmetrized-atom
J3 = co942¢)R3 — sin2¢) (Rye™™" + Rppe™ ™). state in whichV' — n atoms are in the lower dressed state
6 |1) andn atoms are excited to the upper dressed gite

The collective spectral and statistical properties of thes&/Sing the harmonic oscillator property of the Schwinger
spectral components in free space (where the photonROSONS; itfollows thaks|n) = n(N = n + 1)|n — 1),
DOS is smooth and featureless) can be found in [14,15R211m) = V(N — n)(n + 1)[n + 1), and  Rsln) =
In this paper we consider the case when the DOS at thg? — N)In). Using these rules and the master equation
atomic transition frequency exhibits a step discontinuity(8). it is straightforward to verify that diagonal matrix
or some other singularity so that the resulting Mollow €lements of the density operat®y = (n|p|n) satisfy the
spectral components experience strongly different modgduation

densities. We also assume for simplicity that the photonic P,

mode density, while singular at one frequency, is constant 5 n(N —n+ D[A-P,1 — AyPy]

over the immediate spectral regions surrounding the

dressed-state resonant frequencies, w; — 2{), and —(m—n+1). 9)

wrp + 2Q. In this case, the radiative part [12] of the
master equation for the reduced atomic density operato
p, takes the form

In the steady state limitpp/dr = 0, the off-diagonal

Blements of the density matrix vanish, and the diago-

. nal elements can be found by the detailed balance from

3_/?) __ 1 f ) N Eq. (9) asP, = Pyé", where § = A_/A, and Py =

< At Jiad h? Jo diToR{LH (@0, L (1), X (O] 1} (& — 1)/(ENTT — 1). Using atomic distribution function
) P,, we derive(n) and(n?) in the form

Here y is the density operator of the full atomic system (n) = Po[N&EV™? — (N + DEVT + £]/(¢ — 1)%,
plus electromagnetic reservop, = Trg{y}, and T de-

R (10)
notes a trace over the reservoir variables. In the Born
approximation [12,14—16], we replagd:’) in Eq. (7) by (n?) = P[N?&NT3 — (2N? + 2N — 1)¢N*2
p(t")Ro, whereRy is an initial reservoir density operator. 2eNFL g2 3
This corresponds to the second order perturbation theory (VA1) ¢ €/ - a1
in the interaction between atoms and reservoir. It assumeshere(- - -) stands for a steady state expectation value. The
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atomic population per atom on the upper dressed state arsitle of the gap or of the cutoff region. It is apparent from

bare state can be found for the caseVof> 1 as Figs. 1 and 2 that in the case 8f > 1 (N =5 X 10°
1. it £>1, for'Fiﬁ. 2 and thhe sollidfcurvehin Fig. 1(3 the atomihc syst(_emd
- ; _ switches very sharply from the ground state to the excite
(R)/N = {5/2’ :; g < i ’ (12) states at the critical value af. We note finally that the
’ ’ collective time scale for this switching is proportional to
o, if £>1, N‘_l. As a regult, thig effect may be relevant for very fast
Un)/N = 11/2, it &=1, (13) optical SW|tch|ng_ devices [19]. _ . _
sitg, if £<1. To characterize atomic fluctuations in the excited

) ) ] . dressed and bare states, we introduce the Mandel
Clearly, the atomic population displays a sharp Couecnveparameters 04 = (RL) — (Rn))/(Ry) and Q, =

jump in which the active r_egion of_ the photonip materjal (U5 — (Jn)?)/{J2n). The detailed analytical expression
switches from an absorptive medium to a gain mediun,, 0.4 and 0, can be easily found using Egs. (10) and

as a function of the control laser field (change in the(ll)_ In particular, whev > 1, 0, andQ, are found as
angle¢). A probe laser beam will experience a substan- ' '

tial differential gain when the control laser amplitude is 1/N, if &>1,

in the vicinity of £ = 1. In this sense, the system acts Q, = {N/lz, if &=1, (14)
as a quantum optical transistor. Fowsiagle atom case, /(1 = ¢), if é¢<1,

Eqg. (12) is replaced byR»)/N = £/(€ + 1). That is,

there is no jump in a single atom case. It is apparent from SiP (e + /(€ —1), if &£€>1,

the above analysis that phonon mediated dephasing pro-g, (N + 2)/6, if £€=1, (15)
cesses have a tendency to destroy the collective switch- cog b+ 1)/(1 — &), if £<1.
ing. However, the influence of dephasing can be reduced

or eliminated by increasing the number of atom®r by It is apparent from Egs. (14) that foN > 1 and
detuning the control laser field frequency so that@mw) ¢ > 1, the g-Mandel parametef, = 0. That is, the

is small. In Fig. 1 we plotJ,,)/N as functions of reso- dressed-state atomic population inversion with strong sub-
nance Rabi frequencyfor the case of - /y+ = 107>and  Poissonian atomic statistics occurs. Clearly, the dipole
Yp/v+ = 0.5. Alarge jump in the DOS, of this nature, dephasing due to phonons has only a limited influence
may arise in a 3D PBG material [17,18]. In other confinedon the sub-Poissonian distribution of atoms on the upper
photonic systems such as wires and fibers, the jump in thdressed state. In contrast, the atom statistics on the excited
DOS may be much weaker. In Fig. 2, we show the colbare state]2) depends quite strongly on the dephasing
lective jump for0.3 < y_/y4+ < 0.5 for N = 5000. It decay ratey,. For example, in the case ¢f /vy, < 1,

is clear that a sizable switching behavior can be achieveHq. (15) reduces t@, = cog ¢ + 8(y,/y+) St ¢.

even for small DOS variations and substantial phonon dethat is, Q, tends to zero only if c <1 and
phasing(y,/y+ = 0.5) when a large number of atoms vy,/y+ < 1. Itis useful to note here that in free space
responds collectively. This is possible when the left sideno population inversion is available in this system [14,15]
band lies in the gap of a PBG or in the cutoff region of theand that the distribution of atoms on the excited sfaje
optical fibers and wires, while the right sideband lies out-is super-Poissonian rather than sub-Poissonian.
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FIG. 1. Atomic population per atom on the bare excitedFIG. 2. Atomic population per atom on the bare excited states
states(J)/N as a function ofs/|A| for y_/y. = 1073, (J22)/N as a function ofg/[A| for y,/y+ =05, A = -1,
¥»/v+ =0.5, A= —1, and forN = 10 (dotted curve), 500 N = 5000, and for y_/y, = 0.3 (dashed curve), 0.4 (solid
(dashed curve), and 5000 (solid curve). curve), and 0.5 (dotted curve).
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