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Theory of two-photon interference in an electromagnetically induced transparency system
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We examine the possibility of storing and retrieving a single photon using electromagnetically induced
transparency. We consider the theory of a proof-of-principle two-photon interference experiment, in which an
atomic vapor cell is placed in one arm of a two-photon interferometer. Since the two-photon state is entangled,
we can examine the degree to which entanglement survives. We show that while the experiment might be
difficult, it should be possible to perform. We also show that the two-photon interference pattern has oscillatory
behavior.
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[. INTRODUCTION when the intensity of the probe laser is much weaker than
, , ) that of the coupling one.

It is well known that processes linear in the electromag- |n EIT the system is driven by two fields called the cou-
netic field have propagation properties that are independera)t”ng and probe; see Fig. 1 for notation. Most of the early
of the strength of the field. This is part of the definition of theory and experiments of EIT took both coupling and probe
linearity. In the quantum mechanical case, this is understoofisers as classical external fields; see, howeds, A dis-
because the coupling between the electromagnetic field a%vantage of this approach is that it is hard to deal with
matter is determined by the modes of the electromagnetigtom_photon and photon-photon quantum entanglement
field independent of the state of the field—that is, indepenyhich is of importance not only because of the interest of
dent of how the modes are populated. Consequently, thgngqamental physics, but also for their potential applications
question of whether an experiment can be realized at thg, quantum computation and quantum communicafit®.
single-photon level often reduces to a detailed analysis of thP{ecentIy a number of papers have treated the probe laser
experiment. An example of this is the question of whether itquantum mechanicallj13,14.
is possible to coherently store and retrieve light at the single- | this paper we will take as the probe source a photon
photon level. In this paper, we analyze this question by,gquced using spontaneous parametric downconversion
studying two-photon interference in which an atomic vaporsppq [16,17. In this nonlinear optical process a high-
cell is placed in one arm of the interferometer and the Ce”rrequency photon is annihilated and two lower-frequency
operated under the conditions of electromagnetically induceBhotons, conventionally referred to as the signal and idler,
transparencyElT) [1-3]. o are generated. The pair of photons are entangled in frequency

The essence of EIT is to create destructive interference of,q \wave number. The correlations of the entangled two-
the.transitions for a three-level system in order to control thephoton system can be measured by means of coincidence
optical responses of the system. Hamisal. [4] first SUg-  counting detection. The purpose of the present paper is to
gested how EIT can be used to slow the speed of light sigsy,qy the optical properties of a transient-state EIT system
nificantly compared with the vacuum case. Early experi-interacting with one quantized field and investigate the re-
ments[5-§| on slow light have demonstrated that the groupsponse of the EIT medium to the nonclassical light field. We
velocity vy can be reduced to several meters per second. Thgetermine the two-photon interference in which one of the

results reported in these experiments are based on the fgGfstons is stored and released. We want to examine whether
that EIT not only makes absorption zero at the resonant situ-

ation but also leads to a rapidly changing dispersion profile. V) |e>

The condition for slow light propagation leads to photon (R

switching at an energy cost of one photon per eyépand O o

to efficient nonlinear processes at energies of a few photons _=%p, S

per atomic cross sectidi0]. wp
Theoretically there are two ways to implement EIT. One

way is adiabatic EIT1] in which both the probe and cou-

pling resonant lasers are adiabatically applied. After the sys-

tem evolves into a steady state, EIT occurs for arbitrary in- |a>

tensities of the probe and coupling lasers. The other way is _ _ ) )

the transient-state EIT3], where resonant probe and cou- FIG. 1. A-type atomic configuration of EIT. The strong-coupling

: : : ield with frequencyw, (Rabi frequency).) resonantly drives the
pling lasers are simultaneously applied. EIT occurs onl)/‘states“z»_)|C> and the weak-probe field with frequenay, (Rabi

frequency(),) is applied to the statef)— |c) with a small fre-
quency detunind\, respectively:y, and y, are decay rates of states
*Electronic address: rubin@umbc.edu |c) and|b).

|b>\'n’
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the two-photon entangled state can be preserved in the prenjs condition, the interaction Hamiltoniad shown in Eq.
cess. There is an inherent mismatch of four orders of mage3) can be replaced by its eigenvalue; therefore,

nitude between the spectral bandwidth of SPDC and very
narrow bandwidth of EIT; however, we shall see that it still p=_ Nu* [ oL @)
may be possible to perform a proof of principle experiment. T \aoQ* /"

This paper is organized as follows. In Sec. Il, we discuss ) o
the quantum mechanical description of the system HamilFTOm Eq.(2), one can obtain the polarization of the EIT
tonian. The equation of motion for the quantum probe field isnedium at the probe frequenay,

given. In Sec. Ill, we investigate the optical properties of the NP (A—iy)
EIT system related to the proposed experiment. The two- Pp(wp) = , 22 5Ep (5)
photon interference experiment of the correlated photon pairs i (A=iye)(A=iy) = [Q

generated py SPDC will be disc.ussed when the signal photofnd from Pp=€oxEp, one finds the linear susceptibility,
is delayed in an EIT system. Finally, we summarize our re-

sults in Sec. IV. o) = N/ (A-in) _
heg (A=iy)(A=iy) = Qg

Il. EVOLUTION OF THE OPERATOR This result can be found ifg].
To describe the interaction of electromagnetic fields, the T0 quantize the probe field, we shall assume that the field

standard method is to start with the Bloch equations for thdS & quasimonochromatic wave traveling in theirection:
atomic density-matrix elements under the adiabatic assump-

(6)

tion and moderate intensities of the fields. The equations of Ep: ﬁP—[é\ (t)e®ez ) + 3l (t)emi oz opl]. (7)
i - i cal fi 2eVo " P
motion of the fields, which are treated as classical fields, are [hge]

obtained from Maxwell equations. The detailed discussionpne can introduce the effective Hamiltonian operator which

can be found irf14,19. _ _ _ describes the interaction between the fields and EIT medium:
We consider a three-level atom withrtype configuration

interacting with two electromagnetic fields, which is shown
in Fig. 1. The two lower metastable leves) and |b) are
coupled to the upper excited levie) by the probe and cou- ] o o
pling fields, with Rabi frequencie®, and ), respectively. ~The evolution of the annihilation operatgg is given by
The coupling field is taken to be resonant,=w., and the A © o .

probe field is detuned bA=w.~w, (see Fig. 1 In the —aﬂ:-i—EX[a;ap,ap]+|:=i—EXap+F, (9)
interaction picture, the Hamiltonian of the system can be a 2 2

expressed as

N h R R
Flefr= - —g’Exa;(t)ap(t>. (8)

where we must include the noise operd%o[rS]. Since it will

0 Q; 0 not contribute to the counting rates, we will drop it. If the
~ . x interaction starts dt=0, the field at the output of the EIT cell
H=21 0y A=iy. @D i given by

0 0, A-iy
in the basig|a), [c),[b)}. Assuming|€),| <[, in the steady-
state approximation, the eigenvaluefbfissociated with EIT  Where we have writtery=y'+ix" in terms of its real and

a(pout) (t) = e—xﬂ(,,ptIZei erptlzagn)(o), (10

is, to leading order inQ. |2, imaginary partsy’ and y”, respectively. The imaginary part
g 2y of the susceptibility describes the amplitude change, and the
_ |QpA(A =iy real part of the susceptibility gives the phase shift of the
¢=- (A=iy)(A-iy) - |Qd? 2 operator. Using=z/c, Eg. (10) can also be written as
where{ reduces to zero whelfit,| — 0. This is the energy of 4" (2) = Ta)"(0), (11

the probe transition from the initially prepared atomic state,here
|a). The polarization of a medium with atomic denshyis

the partial derivative of the interaction Hamiltonian with re- T = e X' op?2egix wp2l2c — gx"wptl2gix’ wgtl2 (12)
spect to the amplitude of the electric field—i.e., ) o o
is the transmission coefficient for the vapor.
oH Nu* /[ oH
P=- =-— , (3)
JE* h aO* Ill. SPDC IN EIT

where the second term comes from the definition of the Rabi SPDC has been studied for many yeft6—24. In this
frequency andgk is the electric dipole matrix element of cor- section we shall revisit type-l1l SPDC, paying particular at-
responding transition. tention to the passage of the beams through optical devices

In the weak-probe limit, the excited states will have aand the detection of the photons. We will consider both the
very small population and the system evolves adiabaticallgingle-photon counting detection and two-photon coinci-
so most of atoms are in the initially prepared staleUnder  dence counting detection.
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FIG. 2. Single-photon detection with EIT medium,; is the 0.2
transition frequency of the medium between statgsand |c). Q. 0.1
represents the coupling fieltlis the length of the crystal. 0_2 15 -1 05 0 05 1 15 2
1 v=Ws -®ac (1031
A. Single-photon detection of SPDC in an EIT medium 0.9 (b)
To fix notation we first discuss the single-photon proper- 3:78
ties of the radiation. Consider the experiment illustrated in 0.6
Fig. 2: a monochromatic laser begpump beam with fre- 0.5
quencywy,ymp incident on a noncentrosymmetric birefringent 0.4
crystal(e.g., BBQ produces pairs of photons. In Fig. 2 the 03
point detector D detects the signal beam after the EIT me- g'f
dium. ) \ /
Th ingle-phot ti te at detector D WO e O afgaad
e average single-photon counting rate at detector v=W g- ®ac(109Hz)

with efficiency 7 is given by
T o FIG. 3. (a) Spectrum of single-photon counts in degenerate
R= nf dt(W|EVEY|W). (13)  type-ll SPDC without an EIT medium(b) Spectrum of single-
0 photon counts in degenerate type-Il SPDC with an EIT medium.
A N ) ~Here the central frequency of the signal coinciding with the
The fieldE" is the positive-frequency part of thg signal field transition ratew,. is assumed—i.eWs= w,..
evaluated at the position, and the timet, and E(S_) is its
Hermitian conjugate|V) is the state of the system at the whereW, andW; are the central frequencies of the signal and
output surface of the crystal. GenergdW) is a superposition idler.
of the vacuum stat¢9) and states with any number of pairs  For simplicity, the following discussions are focused on
of photons. Because of the small nonlinearity of the crystalthe collinear case of degenerate type-Il SPDC—i.e., the
the gxpansion of¥) in the perturbation theory is limited to propagation along axis andWs=W;=w,/2. In this special
the first two terms, case, the state of the system takes the forrfil@f

- < OATROAT(k
=0+ 2 NEORE K, a9 )= [ doord0) 300 - 0galdl0, @

wherek; andk; are the wave vectors of the signal and idler with the phase matching function
inside the crystal ané}r (j=s,i) is the creation operator at iDL

R 1-¢€
the surface of the crystall(ks, ki) is the spectral function of O (vDI) = ol (18)
the two-photon state determined from phase matching. The
general form of the spectral function is Note here we ignore all of constants and slowly varying vari-
. L. ables in Eq(17).
(ks ki) = F(Ws, W)@ (#DL)hy (G, Gj) s + @ — wp), For the cw pump case considered here the single-photon
(15) counting rate is constant and is given by
where Re=7 f dy|d (D) T2 = 7 f S0, (19
1 1
Vs U whereT is the transmission coefficiefiEq. (12)],
is the difference of inverse group velocities of the signal and S(v) = Sy(v)eX @tlvg, (20)

idler, and the Dira function arises from the steady-state or ] o

frequency phase-matching condition. The phase-matching"d the unfiltered spectral function is

condition in the transverse direction is determined by the DI

function h,(ds, G;) whereds andg; are the transverse compo- S(v) = sinc?(7> : (21)
nents of wave vectors of the signal and idler, respectively.

The longitudinal phase-matching condition givdgvDI) The comparison between these two cases is illustrated in Fig.
wherel is the length of the crystal ane- ws— w;. Finally, all 3. Note here that there are two frequency differences: one is
of the slowly varying variables are absorbed ifQON;, W,) coming from the nonperfect phase-matching condition of

063806-3



J. WEN AND M. H. RUBIN PHYSICAL REVIEW A70, 063806(2004)

L —i ) —i(Wi—v
4 TR AR Wity ty) = f dub(1DI)e Mg Mz (25)
p The coincidence counting rate type-ll SPDC now can be
Q | m evaluated:

FIG. 4. Two-photon coincidence counting detection with EIT R, = ﬂzf dv{|® (D) T(v)[? - RED * (vDI)D((W; — W
medium. A birefringent crystgBBO) converts the pump beam into
a pair of downconverted beams. BS is a 50-50 beam splitter, D1 and —»)DD)T* (»)T(W, = W, — V)e—i(ws—vw+2u)5r]}_ (26)
D2 are photodetectors, and CC is the coincidence counter.
In the following discussions, we concentrate on the de-

SPDC, », and the other is from frequency detuning of the 9€nerate type-Il SPDC; then, the counting rate becomes

signal field in the EIT mediumA=W;+v—w,. In Fig. 3, DI

S(v) and S(v) are plotted. Note the different scales, from Rec= Renzf dv sin€<—>[|T(v)|2—T* (v)
which we see that the dominate effect is the EIT absorption 2

profile. The two sharp “dips” are the signature of EIT phe- X T(= v)e"(P1=257]

nomena and correspond to two absorption peaks of the EIT

medium. The interval between those two dips is proportional - nzf dv sinc’-(V—DI>e‘X"ws'-’°

to the bandwidth of transparency window. If the central fre- 2

guency of the signal beam does not coincide with the atomic X{1 - co§»(DI - 267) - 21} 27)

transition rate Ws# w,., the spectrum distribution becomes

asymmetric and the central peak will shift to left or right, where¢y(v)=x'W.L/2c, with L the length of the EIT cell, is
which is determined by the larger one betwd#¥pandw,..  the phase delay of a pulse due to the EIT. We have assumed
In order to prevent the bulk of the signal photons from ob-that the dispersion in the fiber can be ignored. For conven-
scuring the EIT signal it would be necessary to filter thetional two-photon interference experiments, removing the
beam using a narrow filter at the input of the cell. EIT medium in the signal channel, the coincidence counts of

degenerate type-lIl SPDC
2]
In order to measure the two-photon correlation let us con- 2
sider the simplified experiment shown in Fig.[#9]. The . )
entangled signal and idler photon pair emitted in the SPDC O Simplicity, we assume perfect detection of photodetectors
process is mixed by a 50-50 beam splitt®S) and then and ignored other losses—i.e., takimg 1 in the following

recorded by photodetectors D1 and D2 for coincidence. Ifliscussions. o .
the idler channel, a time-delay apparatds) is put to bal- The comparison of coincidence counting rates between
ance the signal and idler path lengths with the EIT medium and without it is shown in Fig. 5;

The two-photon coincidence counting rate is defined a gain, note the different frequenpy sc_:ales. The guantum co-
116,17 erence from SPDC process still exists as is ewdent_ from
Fig. 5b) where we see that in addition to a dip, there is an
1 (T T oscillation. The dip profile is much narrower than the notch
Ry = 772__[ dtlf dt(W|ECESESEN| W) shown in Fig. %a) with no EIT cell. Recall that the center of
TJo 0 the notch for the conventional coincidence counts is deter-
T T mined byDI/2 and its width is determined by the quantity
= ,72£f dtlf dty| W (ty,t)[?, (22) DI [EQ. (28)]. In Fig. §b), the dip center is displaced from
TJo 0 DI/2 by the time delayry caused by the EIT effect. The
oscillations can be understood as follows. For the calculation
where of the figure we chose the special case that the center fre-
quency of the signal beam coincides with the atomic transi-
tion rate—i.e.,Ws=w¢,. The transmission peak has a width
of the Awy, and is centered om=0. If Aw,(DI-2¢;—257)
>1, oscillations can occur, while foAwy(Dl—2¢y—267)
<1, wheregj=dey/dv, they will disappear. For the param-
eters used here, the width of transparency windowuh ds,
=5.527x 10° Hz, the group velocity of single photons in the
W(ty,t,) = f dvd(WD)T(p)e WerugiW-nte - (24)  EIT medium isvg=1.064x 10" m/s, and the corresponding
time delay is7y=9.069x 107° s, so if 57 is negative, we can
get oscillations in the counting rate. In addition, because the
As a comparison, the two-photon amplitude without an ElTtransparency bandwidth of EIT is much narrower than the
medium is given by bandwidth of SPDC, the coincidence counting rate with an

2

B. Two-photon interference of SPDC in an EIT medium
0 = 772f dv [1-cosy(DIl - 267)]. (28)

W(ty,ty) = (O[ESES)| W) (23)

is the effective two-photon amplitude. Taking into account
the EIT cell, the two-photon amplitude is
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FIG. 6. Two-photon coincidence counting rates of degenerate
type-Il SPDC with an EIT mediuniRb®”) and small detuning. The
parameters used here aWs-w,=10° Hz, DI=3x10%s, L
=0.1 m,Q.=2y5x 10° Hz, andN=2x 10'8/m? (SI units.
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e ment, it is doable depending on the c_hoice of experimentgl
8T (10-8s) parameters. The results we have obtained are corresponding

to the assumption that the coupling field is not a function of

FIG. 5. TWO-phOton coincidence COUnting rates of degeneratqime' However, Considering the low efﬂciency of Spontane_
g’iﬁ‘;”( :;%C;ﬁﬁ)e C;é;‘;?:gg:g' ggzs‘;r:rr:e;(g \évihlgg smT_- ous parametric downconversion and the difficulty of coinci-

= ” ’ dence counting measurements, turning the coupling field on

=0.1 m,0c=2V5X 10° Hz (5.5 W), andN=2x10°/m* (S| units. and off is notgsuitable as in the convgentional Ii%htgstorage
experimentg25], which is problematic in the current case

EIT medium[Fig. 5(b)] is much lower than the conventional pecayse of the not-well-defined arrival time of SPDC pho-
case. For the parameters given above, ignoring losses, th6,s |y addition, since EIT cuts out so many frequencies of
pomudence cour]ts are around one photon per second, whi DC photons, two-photon coincidence counting rates are
is barely doable in the laboratory.

. . S . . very small, and it becomes a problem to keep the lasers
In Fig. Xb) the dip center coincides with the time delay stable for a long enough time. Turning on and off the cou-
because of the EIT-dominant effect. If we do not use th

ling field will also i the difficulty of adjusting th
resonant condition for the prob&/=w., the visibility of epmg feld will also increase the difficulty of adjusting the

e ; i ... corresponding time-delay apparatus in the idler channel.
coincidence counts is lowered and meanwhile the oscilla P g Y. ap

tions are modulated by the frequency mismatctiseg Fig However, to implement light storage of SPDC, one can
e 2* choose the scheme of using two spatially separated couplin
6). The visibility can be enhanced or decreased depending LSIng WO spaiaty Sep Uping

. . _ _ %klds illuminating a cloud of moving atoms, as suggested
the sign and magnitude of that frequency mismatching. recently by Juzeliunaet al. [26]

25 -2

IV. CONCLUSION
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