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We propose and analyze a scheme for photon trapping in an optical resonator coupled with two-
level atoms. We show that when the cavity is excited by two identical light fields from two ends of
the cavity respectively, the output light from the cavity is suppressed while the intra-cavity light
field is near the maximum due to the excitation of the polariton state of the coupled cavity and
atom system. We also present methods for the direct probing of the trapped polariton state. The
photon trapping is manifested by the destructive interference of the transmitted light and the
incident light, which is conditioned on the presence of the incoherent processes such as
spontaneous decay of the atomic excitation of the polariton state. Such photon trapping is quite
generic and should be observable experimentally in a variety of cavity quantum electrodynamics

systems.

PACS numbers: 42.50.-p, 42.50.Pq, 42.50.Gy, 32.80.Qk, 42.65.-k

I. INTRODUCTION

Photon confinement and trapping is a current research topic and is important for a variety of fundamental studies and
practical applications [1-4]. Considerable research efforts have been spent in exploring new ideas and developing
practical techniques to slow down, localize, trap, and store photons in atomic media or photonic structures [1-7]. A well-
know example is the Anderson localization in which light can be trapped in a disordered medium through multiple light
scatterings [2-3]. Recently, the light trapping and localization have been reported in the nano-plasmonics device and
nano-optical structures [6-7].

Here we propose a novel scheme for photon trapping in a cavity quantum electrodynamics (CQED) system [8] and no
disordered medium is involved [9]. The CQED system consists of a cavity containing N two-level atoms and being excited
by two coherent light fields from two output mirrors [10]. We show that when the two input fields are identical, the
photons are coupled into the cavity through the polariton excitation by two input fields, but cannot leak out from the
cavity. The output light fields from the cavity are completely suppressed. Effectively, the CQED system acts like a
perfect absorber and the two input fields are completely absorbed through the polariton excitations without any
reflection. We derive the photon trapping conditions and present numerical calculations that reveal the detailed
characteristics of the photon trapping in the CQED system. We show that the photon trapping in the CQED system can
be controlled by the relative phase between the two input fields and therefore is a coherent phenomenon and can be

studied in a variety of CQED system, particularly, solid-state CQED systems.



II. THEORETICAL MODEL

Fig. 1 shows the schematic diagram for the coupled CQED system that consists of N two-level atoms confined in a
single mode cavity and is excited by two input light fields 4/, and <), from two ends. The cavity mode couples the atomic
transition |2>-|1> (] 2> (] 1>) is the ground (excited) state of the two-level atoms) with frequency detuninga, =v,,, -v,, .
The two input fields have the same frequency vi and is coupled into the cavity with the frequency detuning s=v,-v,,,. The
frequency detuning of the input fields from the atomic transition is A=v,-1,,. We define the collective atomic operators

st LSl sy sT=3sh > andgr 250 (si,, sh, sb, and s, are the atomic operators for the ith atom). The
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interaction Hamiltonian for the CQED system is
H=6a%a+AS, +{gaS" +ia" (2K, a}, +/2K,a’ )+ HC.} . (1)

Herea (a*) is the annihilation (creation) operator of the cavity photons, !, and «}, are two input fields to the cavity (see

Fig. 1), k; ==L (i=r or 1) is the loss rate of the cavity field on the mirror i (T is the mirror transmission and 7 is
T

the photon round trip time inside the cavity), and g=p,/n/2:sp is the cavity-atom coupling coefficients and is

assume to be uniform for the N identical atoms inside the cavity. The equations of motion of the CQED system for

the expectation values of S*, S, S7 and a are

ST =-2I(S.+N/2)—i(gaS* —ga*S7), ©)]
St =—(T—iA)S* —2iga* S, (3)
d= (5 + K5) /1 2+i(A, — Aa—igS™ + &1/ al, +[xy /7d,) . (4

Here 2T is the decay rate of the excited state |2>. For simplicity, we drop the sign < > for the expectation
values. In deriving Eq. (2)-Eq. (4), we have used the mean field approximation where the mean value of the
product of two operators is replaced by the product of the mean values. The dissipative terms in Eq (2)-Eq. (4)
can be obtained from the master equation for the cavity QED system. We consider a symmetric cavity in which

K, =k, = k, In the weak excitation limit (Sz= -N/2), the steady-state solution of the output light field from the right

mirror and the left mirror are
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respectively. If the two input fields are identical, «}, = 4/, , the two output fields are equal, «" =o' . When x-i5+ I‘g ]_VA =2x,
—1

a" =a' =0( but the intra-cavity light field a # 0 ), the photons inside the cavity cannot leak out and the photon



trapping occurs in the CQED system. The specific trapping conditions are:

s _x (7
A T

and
SA=g>’N -« . 8)

The physics behind the photon trapping is the destructive interference between the transmitted filed and the

input light field [10] as depicted in Fig. 2 for the case when the cavity is resonant with the atomic transition.

III. THEORETICAL ANALYSIS
In the strong collective coupling limit, g?N>Tx,, the CQED system is resonantly excited when the input field

frequency is tuned to the resonant frequency of the polariton states (the normal modes) at Azﬂizig\/ﬁ (the

! 1y

cavity detuning A:=0). If there is only one input field (Fig. 2(a)), the left output field is « =~ and out of

phase with the input field </, ; the right output field «” =%af,, and is in phase with the input field ), . No photon

trapping occurs as showed in Fig. 3 for the output light intensities from two ends of the cavity. Fig. 3(a) shows

the standard two-peaked spectrum of the CQED system with the peak separation equal to the vacuum Rabi

frequency 2¢yn [11-14]. Fig. 3(b) plots the normalized intra-cavity light intensity |a*/|d), *, (the photonic
excitation) and |»>=s*)> /N (the total atomic excitation). At the peak of the polariton excitation,
lal? +|b61> +|a" ? +|d' *=ld), P . Similarly, if there is only one input field «" from the right side, the left output field

becomes 4 :%a’ and the right output field becomes «" =—%a,; . No photon trapping occurs. However, if both

input fields are present and are equal in their phase and amplitude, «" =4, the coherent addition of the Fig.

2(a) and Fig. 2(b) leads to the combined output field at the left side :%a{n —%a{n =o0and the right side

a’ :—%a{n +%a§n =0. That is, the photons are trapped inside the cavity and cannot leak out from the cavity

mirrors. We performed numerical calculation for the photon trapping in the CQED system with system
parameters consistent with that reported in earlier CQED experiments [15]. The detailed behavior of the

photon trapping is shown in Fig. 4(a) in which the output light intensity |a’ |* (=4’ |*) is plotted versus A. It

shows that at the polariton resonance A=+gy/N , when the photon trapping condition k=T is satisfied (the blue

line), the output light is completely suppressed; when the photon trapping condition is not met (x=0.1T", the
red line or k=3T, the brown line), the output light intensity is not zero. With Ac=0, the spectra are symmetrical

and both normal modes exhibit the photon trapping when the input fields are tuned to their resonances at
A=+gJN . The photon trapping also occurs when A0 (the cavity is tuned away from the atomic resonance).
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From the trapping conditions (7) and (8), one derivesa-+ —x?, which results in



first, the input laser detuning must match A =4, such that the polariton state (normal mode) of the CQED

system can be excited and the photons are coupled into the cavity mode; second, the same detuning A must

12 . As one example, we consider g2 >>T«, then the photon trapping conditions are

. 2
also satisfy a-=+ /T8N
K

/ /K . . . .

A=tgydN L and 6=+gJN T which leads to a, =ig\/ﬁ(‘/ffJ§) . In an experimental CQED system with a fixed
K K

atomic transition frequency, typically, the cavity decay rate k and the atomic decay rate I' are fixed, but the

cavity frequency detuning A. can be freely tuned. Then, with a, :+g\/ﬁ(‘/f_ %) (6=~+gdN /% and A = +gN /£ ),
K K
one derives 1, ~+gJN /L and 1_~-gJN ‘f% . The two trapping conditions for the input light frequency A are
K

simultaneously met only at a = +gN. \/E =4, , but not A.. Therefore, the photon trapping occurs only at one of
K

the polariton states at A+. Similarly, withy,, :-gﬁ(\/f_ g) (5= —gﬁ@ and a- _gﬁ\/f), the resonant
) K K

frequencies of the polariton states are 4, ~+gJN. \/% and 1_~-gJN \/g . The photon trapping occurs only at the
polariton state A-. One example is plotted in Fig. 5 that shows with a detuned cavity (Ac=15T), the excitation
spectrum is asymmetrical, both output light fields«!, and «] are completely suppressed at the left polariton
peak i_ ~-—gJN ‘/g = -sr; at the right polariton state i, ~ +gy/N_ \/% =20r, the output light field is nonzero. Fig.

5(b) plots the atomic excitation |b|2 (the red line) and the intra-cavity photonic excitation |a|2 versus A and

shows that the polariton state at i_ =~ -gN. ‘/f =-sr 1s largely consisted of the atomic excited state and the
K

polariton state at 4, = +gv/n. \/% =20r 1s largely consisted of the photonic state. The photon trapping occurs to

the polariton state dominated by the atomic excitations [16-18].

There 1s no output light when the photon trapping occurs, but the photon trapping spectral and dynamic
properties can be measured by applying a free-space probe laser that couples the polariton state to a 3rd atomic
state (see Fig. 6) with the technique demonstrated in 119]. In Fig. 6(a), the weak probe laser will be amplified
when it is tuned to |A+>-|3> transition but would be unaffected if it is tuned to |A->-|3> transition. In Fig.
6(b), the fluorescence occurs from the upper state | 3> when the probe is tuned to |A+>-|3> transition but no
fluorescence occurs for the probe tuned to |A->-|3> transition. The probe laser not only can be used to
characterize the photon trapping but it can also be used as a control field to explore the photon trapping for
possible applications.

The photon trapping in the CQED system can be controlled by the relative phase between the two input



fields «/, and . With the photon trapping conditions (7) and (8) satisfied, Fig. 7 shows the photon trapping

dependence on the phase difference A®=g, - ¢, of the two input fields o/, =a/, |¢'” and a}, =}, |¢'* . With A=0 (the

cavity is resonant with the atomic transition) and A=gJN (the input light is resonant with the polariton state

| A+>), Fig. 6(a) and 6(b) plot the output light intensities |4’ Pand |«" |*, and |«|*> and |b]|2 versus A®. It shows

that by varying A® from 0 to =, the output light intensities change from zero to the maximum value 1 while
the intra-cavity excitation (j«>and |b|2) changes from the maximum to zero. The two output fields are not
equal to each other except at A® =0 or w. Similar behavior can be also observed for the cavity detuned from the

atomic resonance as shown in Fig. 6(2’) and (b)), in which A, =15T and the input field frequency is tuned to the

polariton resonance at A=-5I" (the same parameters as in Fig. 5). The specific technical parameters (gx/ﬁ =100
and x=T or k=4T) used for the calculations here can be readily obtained in a reported experimental CQED system
with cold Rb atoms (for a 5 cm cavity with a decay rate =3 MHz , the number of atoms N~105, and the atomic
decay rate I'~3 MHz, see Ref. [20]). Therefore, the experimental observation of the photon trapping in the
CQED system with cold Rb atoms should be feasible.

IV. CONCLUSION

In conclusion, we have shown that in a multiatom CQED system coupled by two identical laser fields from the two
output ends of the cavity, photons can be trapped inside the cavity when the polariton state is excited. Such photon
trapping occurs for the two symmetrically located polariton states when the cavity is resonant with the atomic transition.
If the cavity is detuned from the atomic transition, the photon trapping can be observed in one of the two polariton
states. Under the photon trapping condition, the CQED system effectively acts as a perfect coherent absorber: the two
input light fields are completely absorbed by the CQED system and converted into the polariton excitation, and no light
can be reflected back.

We note that the quantum fluctuations do not play a role here as long as we treat the collective atomic
system in the linearized approximation and trapping is possible with a dispersive linear medium as it is
implicit from the work of Wan et al [ref 10]. We also have not discussed the saturation effects which definitely
would require quantum fluctuations to be included as the multiple excitation paths in the Jaynes-Tavis-
Cummings ladder become important. Our main point here is about the case when we work near a resonance,
the strong coupling is important and the interference leads to the excitation of only one of the polariton modes.

The photon trapping proposed here is a general physical phenomenon induced by the destructive interference between
the transmitted light field and the input light field. It is remarkable that such interference depends on the presence of
the incoherence processes: the incoherence decay of the polariton state through spontaneous decay of the atomic
excitation and possible atomic collisions. The trapped photons in the cavity mode dissipate through the incoherent decay
of the polariton state into the photons of the free-space modes. This penomenon should be observable in a variety of
experimental CQED systems [21-25]. Particularly, it will be interesting to explore the photon trapping in a hybrid

ferromagnetic magnons and microwave cavity system [25] in which the Kittel mode frequency (corresponds to the atomic



transition frequency viz here) can be continuously tuned, thus it provides an alternative way to match the photon

trapping conditions.
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FIGURE CAPTIONS

Fig. 1 (Color online) The CQED system consisting of N two-level atoms confined in the cavity mode and two
input light fields.

Fig. 2 (Color online) (a) The CQED system with only the left input field o, . (b) The CQED system with only the right

input field a/, . (¢) The CQED system with both input fields a/, and «, . With k=T, the coherent addition of (a) and (b)
leads to the photon trapping in (c).

Fig. 3 (Color online) With only one input field !, #0 (a4}, =0) and YN =10T, (a) the output field intensities |4’ |* (red
line)and |a” |? (blue line) normalized to |a!, |* versus the input frequency detuning AT; (b) the intracavity field intensity

la|? (red line) and |5|? (blue line) normalized to | a., |* versus AT.

Fig. 4 (Color online) With two identical input fields a), =a’,, YN =100 and A=0, (@) the output field intensity |’ |2 and
la" > (Ja" > =|a’ |*) normalized to |a’, |* versus the input frequency detuning A/T; (b) the intracavity field intensity | |* and
(©) |b|? versus AT. The blue lines correspond to the photon trapping with k=T".

Fig. 5 (Color online) With two identical input fields a!, =4, , gx/ﬁ =10I", and k=4T, and the photon trapping condition
for the cavity detuning is met at A, =gm(E7J§)ZISF , (@ the output field intensity |4’ |>and |a" |* ( |a’ >=]d’ *)

normalized to |a, |* versus AT; (b) the intracavity field intensity |« |> and the atomic excitation |»|*> normalized to |4/, |

versus AT.

Fig. 6 (Color online) (a) a A-type system (b) a Ladder-type system for probing the trapped | A+> polariton state.
Fig. 7 (Color online) With two input fields a!, =|a!, |'? and a], =/ a., | % , (a) the normalized output field intensity |a' |
(the red line) and |a” |* (the blue line) and (b) the normalized intracavity field intensity |« |? (the red line) and the

atomic excitation |5|? (the blue line, nearly overlapped with the red line) versusA®=¢, —¢,. A= gﬁ =10, and
other parameters are the same as that in Fig. 4. With the cavity detuning A, =15T and A=-5T (other parameters

are the same as that in Fig. 5), () plots the normalized |4’ |* (the red line) and |a” |* (the blue line), and (b)) plots the

normalized |« |? (the red line) and |5|? (the blue line) versus A®.
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