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Photon Switching by Quantum Interference
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We describe a four-state atomic system that absorbs two photons, but does not absorb one photon.
As a switch, in the ideal limit, it operates at an energy cost of one photon per switching event.
[S0031-9007(98)07421-3]

PACS numbers: 32.80.—t, 42.50.Dv, 42.50.Gy, 42.50.Hz

This Letter describes a four-state atomic system thativing formulas which are strictly valid for monochromatic
will absorb two photons but will not absorb one photon.fields. We then describe conditions for the application of
This occurs as a result of a quantum interference thahese formulas to the pulsed case. We show thatitis the re-
prohibits single-photon absorption. The system mayationship between the power per area which is necessary
function as an optical switch where a pulse of light of onefor switching, and the group velocity delay of the probe
frequency will cause the absorption of light at a secondulse, that leads to an invariant switching energy per area
frequency. Because the quantum interference is fragileequal to that of a single photon per square wavelength.
the switch is sensitive. In the ideal case, a pulse of energy Working in the interaction representation, the Hamil-
equal to that of a single photon is sufficient to open andonian and dipole moment operators for the four-state sys-
close the second channel. tem of Fig. 1 are
_ An energy sc_:hematlc of t_he four-state atomic systenyy = —Aw.[2)(2| — Aw,|3) (3l — Awayld) (4|
is shown in Fig. 1. The light pulse which is to be

switched on and off is termed as the probe and has angular ~ — 1 Q1D 3+ Q.12 3Bl + Qul2) @l + H.c),
frequencyw,. We will take its intensity and pulse length 2
to be sufficiently weak that all of the atoms remain in (1a8)

the ground stat¢l). The optical field which creates the , _ . .

quantum interference is called the coupling field. It has ard = #i3 X jw, ) IDG] + pos expl—jwcn) [2) G
angular frequencw. and Rabi frequenc{).. Itis strong, + wog exXp(—jwaut)|2) (4| + H.c. (1b)
monochromatic, and present for all time. Its intensityThe detunings from resonance are definedAas, =
determines the bandwidth and speed of the switch but doe@p — (03 — w1), Aw.= (0, — w.) — (02 — @),

not affect the switching energy. The frequency of thea,, = (0, — @, + wy) — (04 — w)), andQ,, Q,,
optical pulse which destroys the quantum interference angind(,, are the respective Rabi frequencies.

thereby causes absorption of probe photonads For To start, we take all fields to be monochromatic and as-

the quantum interference to be sharp, it is required that theume that the atoms remain in the ground state for all time.
[1) — |2) transition have a linewidth which is very small

as compared to that of tHé) — |3) transition.

The suggestion of this Letter is in the class of nonlin- m |4>
ear optical processes that utilize electromagnetically in-
duced transparency [1-3]. These processes depend on
using quantum interference to cancel the absorption and
dispersion of optical resonances to obtain unusually large W24
nonlinear optical susceptibilities [4,5]. In particular, the
two-photon nonlinearity which is described here is the
absorptive analog of the (reactive) Kerr nonlinearity of
Schmidt and Imamoglet al. [6]. It also uses resonances
which are of the same nature as those used in the phase
conjugating experiments of Hemmet al. [7] and in the
nonlinear spectroscopic work of Lukiet al. [8]. In re-
lated work, Agarwal and Harshawardhan have discussed
how interference may be used to enhance or decrease two- S S |1>
photon absorption and to decrease the threshold for optical

bistability [9]. . . o FIG. 1. Energy schematic for a four-state system. The
Although we are interested in switching one pulsed opiinewidths of state43) and |4) are greater than all other
tical field with another pulsed field, we proceed by first de-characteristic frequencies.
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With the probability amplitudéz;| = 1 these assumptions these probability amplitudes known, the dipole moment
allow a steady-state solution of Schrédinger’s equation foand susceptibility at the probe frequency are calculated.
the probability amplitudes of stat¢®) through|4). With | Defining P(w,) = eox(w,)E(w),), the result is

K(1Qxul? — 400 Adoy)
400, A5. Adr — [0 PAdn — [QnPAs,

X (@) = (@)

where the constantk = N|w3|>/hey. By defining | Rabi frequencie$),, Q., andQ,, to be grouped with the

the complex detuningsA@, = Aw, + jyi3, Aw. = linewidths and replaced by the golden rule transition rates
Aw,. + jyiz, and A@yy = Awyy + jya4, We introduce 0?2 02 03,
(Lorentzian) dephasing linewidths for the respective W, = 2—p, W, = 2 —, u = 3
transitions. The susceptibility of Eq. (2) describes both Yis Y23 Y24

the resistive nonlinearity of this work, and also, in theWe neglectAw, and Aw,; as compared to their re-
appropriate limit, the associated Kerr nonlinearity ofspective linewidths and, because the coupling laser is
Imamoglu [6]. monochromatic, then léfw, = Aw,. By combining the

To specialize to the pure resistive nonlinearity we takesusceptibility of Eqg. (2) with Maxwell’s equations, we ob-
the linewidths of statel8) and|4) to be large as compared tain expressions for the power lo8& L, the phase shift
to all other characteristic frequencies, includilg. This  BL, and the group velocity delay time for the probe pulse
assumption causes; = 7y;3 and allows the square of th? of frequencyw,. These are

ol — NL0-13|:(W24 + 2y12) (We + Wag + 2y10) + 4Aw,2,:|’

(Wc + W24 + 2’}/12)2 + 4Aa)%

L =NL Ao We (4)
'8 N a1 (WC + W24 + 2712)2 + 4Aw127 ’
;o ABL) _ We(We + Wy + 2y10)* — 4WeAowj
b Jw BlTWe + Wy + 2y10)? + 4402 P
The group delay time of the probe pul8® is relative | and, with the previous definitions, combine to
to the_ speed of_ light in vacuum. In Eq._ (4) and in the dar W, W w, (Q
following equations, we write the matrix elements of s + 1y + By + N S Wl
the |1) — |3) and [2) — |4) transitions in terms of the ¢
cross sections for power absorptiofy; of the respective (6)
transitions. These cross sections, in terms of the matriXhe first terms of a series solution of Eq. (6) are
elements, arer;; = w;jlu;l*/eochy;;. Q* (s O*
i i i i . + t
We now allowW,, andW,,, but notW.,., to be functions a(t) = — (’;i ) a, + Qyi + W) (’;5 ) a
of time and ask for the conditions for which Eq. (4) c . We ¢
remains valid. There is both a single atom (adiabaticity) + 2 00, P )
and a macroscopic (group velocity delay) condition. To w.QF ot a1

obtain the adiabatic condition, we use the HamiItonianThe first term is the solution with monochromatic fields
of Eq. (1) with the decay rates as defined above to

write the equations for the probability amplitudes off'ijI no dephasing of the) - |.2> rransition. The second
states|1) through [4). We take the derivatives of the is the (St?ady'StE.lte.) switching term. The last results
probability amplitudes of statds) and|4) to vary slowly from the tlrgel Var('f.lt'on of;hg ||orobe If UIS; anil Iec?ds ttot
as compared to the linewidths of these states and drog;e group delay discussed below. or the steady-state
these derivatives. These equations are oILrJ]tlofr) to .apply, this term must be small as compared
to the first, I1.e.,

da1 _ ;8 g, Ly
at 2 O al < g (8)
day 00Oy p o
g | Ynrd2 = Jmds ) Ty dds The maximum rate of variation @ ,(¢) and therefore the
. (5) switch bandwidth is set by the (adjustable) golden rule
a; = . [Q,(Dar + Qar], transition rateW . [10].
273 There is a more important constraint: The pulses of
CQ4(1) frequenciesw,s andw, must not slip apart as they travel
oy through the medium. In a medium whe#g, is less
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than the Einsteimt coefficient, the group velocity of the
probe pulse may be many orders of magnitude slower than C (@: -
the velocity of light [11]. Because of the small probe 08L ]

assumption, the switching puls&4 has a group velocity
which is very close ta. For largeW,, the group delay
time, relative to the speed of lighity, of Eq. (4) is

_ NLois 0.4

9)
We 0.2 - /// Wo4 = 0. l\\\ :

Note that at unity absorption depth, i.e:;3NL = 1, the C y4 AN ]
delay time is equal to the minimum pulse widthW, C ]
and, to be observable, requires that the optical thickness R
be greater than unity. With cool atoms, whéke may -0.4-0.3-0.2-0.1 0 0.1 0.20.3 0.4
be at least a factor of 10 smaller than the Einstéin 3 T e
coefficient and witho;3NL = 10 in a length of 1 mm,

a group velocity slower than aboi® 3¢ is expected. 2

We next solve the first of Egs. (4) for the transition

rate (Wa4)erie and power densityPy4/A).i¢ at which the
power loss at the probe frequency is equal to unity, i.e.,
(2aL) = 1. For W, large compared tdV,4 andy,, but
small compared tg/13, (Was)erir = (W./NLo13) and the -1
critical power density is %

-2
1 Py 1 1
— = — |W,. 10
<ﬁw24)( A >Crit (0-130-24><NL> ( ) N wERNE FRRNE ERENE SNRN RRTE ARNNE ARRTY RNAT)

The energy per area at frequen@yg, which is nec- ~0.40.3-0.2°0.1 0 0.1 0.2 0.3 0.4
essary for switching is the product of the critical power ( Wp - ®3)
density and the delay time of Eq. (9)
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FIG. 2. Powertransmissionand phase shift as a function

Energy [ Px T, — hway 11 of the detuningAw, = Aw.. The switch is shown open

Area \ A b (11) (Wa = 0) and closed[Way = (Wa)eic = 0.1]. The golden
crit rule transition and dephasing rates #fe = 1 andy;, = 1074,

The cross section of an atom which is naturally broadenetespectively.

and spontaneously decays into a single polarization is

024

o = 3A?/(27) and, in this case, We next examine the reciprocal question: How do
Energy 27\ Fiwos photons of frequency, a_lff_ect the transmiss_ion of pho_tons
Aea \3 ) 2 (12)  at frequencyw,s. Retaining the assumption thait, is
24 sufficiently strong thata;|*> = 1, we calculate the dipole

Therefore, in the limit of ideal assumptions, a pulse atmoment and absorption at frequenoy,. Proceeding as
frequency w,4 with the energy of a single photon and above, one finds that the critical power density at frequency
focused to a spot size of a half a wavelength is sufficientv, which results ine L = 1 at frequencywy, is

to make the medium opaque to a photon of frequengy ( 1 ) (pp) ( 1 ) ( 1 )
= W.. (13)
crit

A

In this limit, the duration of the pulse of frequenay,, VL

must be equal to the group delay tirffig. We note that

a switch which works by saturation of a two-state atomNote that the right-hand side is the same as that of Eqg. (10).

also has an ideal switching energy of a single photorThere is exact reciprocity: The number of photons per

per square wavelength [12]. But because it works bysecond which will close one channel is the same as the

sequential absorption and decay, it has a characteristmumber which will close the other. In the ideal limit of a

time constant equal to the Einsteincoefficient. Here, single photon in each channel, both are absorbed, while a

the switch may open or close with a speed equal to theingle photon in either channel alone is not.

golden rule transition rat@ ... For the validity of the assumptiona;|’> = 1, the
Figures 2(a) and 2(b) show the power transmissiorproduct of the total transition rate from stdie and the

exp(—2aL) and phase shiff3L as a function of the time Tp during which the switch is open, must be less

detuning Aw,. The figures are plotted using Eqg. (4). than unity. The transition rate from stdtg is

Both assume an optical deptiLo; = 10. Both take r

W, =1 and y;, = 107*. In each case, the switch is W= —% la;|* = (2712‘; W24>013A

shown openW,, = 0) and closed W,y = Wy = 0.1), ¢

such that the transmission is approximately exp). For a small dephasing ratg,,, this condition may be
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FIG. 3. Formation of a threefold entangled state. The measurables are the presence or absence of photons at ggaedcies
w4 and the presence or absence of fluorescence from |dbate

written as photons, it may also have application to the processing of
< w2, guantum superposition states.
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