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Narrowband-biphoton generation due to long-lived coherent population oscillations
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We study the generation of paired photons due to the effect of four-wave mixing in an ensemble of pumped
two-level systems that decay via an intermediate metastable state. The slow population relaxation of the metastable
state creates long-lived coherent population oscillations, leading to a narrowband nonlinear response of the
medium which determines the narrow spectral width and long coherence time of the biphotons.
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I. INTRODUCTION

Traditionally, paired photons are produced from sponta-
neous parametric down conversion in nonlinear crystals. The
bandwidth of such biphotons is very broad and typically in
the terahertz range [1], which makes them useless for some
applications in quantum information science that require a
strong interaction between photons and atomic systems. This
problem can be overcome by generating biphotons in cold
atomic systems which have a narrowband nonlinear response.
For example, biphotons can be produced when a double-A
system [2-4] or two-level system (TLS) [5-7] is pumped
by two counterpropagating laser fields. Then, phase-matched
and energy-time entangled photon pairs are produced due
to the effect of four-wave mixing (FWM). Biphotons from
such a source have a bandwidth in the megahertz range and a
coherence time of hundreds of nanoseconds.

In this paper, we demonstrate that narrowband biphotons
can also be produced due to the effect of long-lived coherent
population oscillations (CPOs) in a TLS with an intermediate
metastable state. In such a system, the width of the nonlinear
response is determined by the lifetime of the metastable state,
which can vary significantly depending on the nature of the
quantum system. For example, in semiconductor quantum
wells and dots [8], the CPO lifetime is in the microsecond
range, whereas in a ruby crystal [9,10], color centers in a
diamond [10-12], or organic film [13], it can be more than a
millisecond, leading to a broad range of potential applications
of photon pairs based on the CPO effect.

The theoretical model is based on the Heisenberg equations.
In order to find the emission spectrum and biphoton wave
function, we calculate the first- and second-order correlation
functions. Contributions from the correlation of both the
boundary operators and the Langevin noise operators have
been taken into account, as both of these correlations can
contribute to the final result [14].

II. THE MODEL

We consider the interaction of an ensemble of TLSs that
decay via a single intermediate metastable state with two coun-
terpropagating pump fields with amplitude E (see Fig. 1). The
medium is assumed to be optically thin in the direction of pump
propagation and the effect of pump depletion is not taken into
account. Due to pumping of the TLS by two counterpropagat-
ing laser fields, photon pairs are produced [5—7] where photons
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from the same pair also counterpropagate [see Fig. 1(a)] so
that the phase-matching condition of FWM is satisfied [15]
(actually, in such a configuration, biphotons are emitted into
the whole 47 space). In order to allow for the spontaneous
initiation process, the generated weak fields are described by
quantum-mechanical operators E 12=E, > 'c?ll{’ze"k'r, where
the subscript 1 denotes the field at frequency w; = wy + &
propagating along the positive z axis, the subscript 2 denotes
the field at frequency w, = wy — § moving along the negative
z axis [see Fig. 1(a)], E, = (hwy/2eyV )"/ is the vacuum field,
V is the quantization volume, and @ is the photon annihilation
operator.

To describe the evolution of the atomic ensemble, we
begin with the Heisenberg equations of motion in the dipole
approximation for the mean values of the atomic operators:

~ d a ~ ~
(d/dt + Ty — i0pa)(Gap) = —z%E“)«obb) — (Baa))s

. ~ . da ~N(— ~ ~
(d/dt + Tpy + i0pa) (Gpa) = 17@ (Gpp) — (Gaa)),

d<gaa)/dt = Vba <5bb> + Vea (5cc> (D

da ~ ~ da"*, ~
—i7”E<+)<aba> +ihiE< ) (Gp)

~ .da ~ ~ d a TH(—) j~
(d/dt + o) (&) = z7bE(+><oba> - zhiE< (Gan),
(d/dl + Vca)(gcc) = Vbe (atbb)s

where (5;;) = (|i)(j) is the mean value of the atomic operator,
E® is the total field operator, dj; is the transition dipole
matrix element, I'y, is the transverse relaxation rate, y;; is the
longitudinal decay rate from the state |i) to the state |j), and
Vb = Ve + Vpa 18 the total decay rate from the excited level.
We also assume that the system is closed, so that (oy,) +
(abb) + <Ecc> =1

We apply the slowly varying envelope approximation
and write the total field operator as E® = (Eq 4+ Eje " +
E‘zeiaz)eiwoz and EC) = (Eg + E\ll'eiar + E\Jz’e—iéz)e—iwot' To
eliminate the fast oscillating terms in Egs. (1), we introduce the
transformations (Gup pa(t)) = (Tap.pa(t))e " and (5;;(t)) =
(0jj () j=a,pc. As several fields are applied to the same
transition, the Hamiltonian of the system has a periodic
time dependence [7,16-20], and the Floquet theory [21] can
therefore be applied to (o):

(o) = <U(O)> + (U(H))eﬂ'at + (0(75))61'3;. 2)
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FIG. 1. (Color online) In the presence of the counterpropagat-
ing pump fields, phase-matched counterpropagating biphotons are
generated inside the medium due to FWM.

The zeroth-order solutions of Egs. (1) give the response of
the medium to the pump field and the population distribution
between the quantum states, whereas the first-order solutions
determine the medium response to the weak generated fields
since they are related to the medium polarizations at frequen-
cies w12 by Pi = Ny, (0'5”) and P} = Ndp(opr”) [16].

The pump-probe interaction with a TLS is characterized by
population beating or coherent population oscillations (CPOs)
at §, which is the frequency difference between pump and
probe fields [16]. In an ordinary TLS, the CPOs decay at the
same rate as the excited state. However, the situation can be
quite different if an intermediate metastable state is included
[see Fig. 1(b)]. In this case, long-lived CPOs of the metastable
and ground states can be created, which lead to the appearance
of a narrow dip in the probe absorption spectrum and a narrow
peak in the FWM spectrum [17-19].

Then, making the appropriate approximations for a TLS
that decays slowly via a metastable state,

Yea < Vba < VYbe and V() < Fbaa (3)

where Vi = dp, Eo/h is the pump Rabi frequency which is
assumed to be real, and solving Egs. (1), we obtain [19,20]

(6528)) = (@ E\ + BiEDdup /i, (4a)
(0528)) = (@ EL + B2 E1)dpa /1, (4b)

where o, are proportional to the effective linear suscep-
tibilities, and B;, are proportional to the effective third-
order nonlinear susceptibilities and are responsible for the
generation of the paired photons. They are given by

aip = Fi(1+ X12)/[T12(1 4+ )], (4c)
Bio=FiXo /[T (1 + k)], (4d)
where
1+ Q6/T'T
Xip= _Kyca# (5a)

is the coherent field interaction term;
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determines the characteristic width of the window in which
coherent interaction between the fields occurs;

Kk =2V§ [[Vealha(1 + 2%/ T2,)] (5¢)

is the saturation parameter;
Fi2=Th £i(Q2F6); (5d)
and Q2 = wy — wp, 1s the detuning of the pump from resonance.

The evolution of the fields generated in the medium is
described by the coupled propagation equations [4]

9 AN

<£ + 8_z> Eiz.) =ieoy” @0, (62)
d 9\ & P ()

@ _ B_Z E2(Z’t) = —1€20,, (Z’t)7 (6b)

where €| & €; = € = Ndp,wo/2ce( are the propagation con-
stants, and

Ot pa () = (0ar o (®)) + Fippn(8) (7)

is the atomic operator that can be split into the sum of its
average value [determined by Egs. (4a) and (4b)] and the
deviation from the average, which is the Langevin noise [28],
which should be taken into account in order to describe the
spontaneous emission correctly.

In order to solve these coupled equations, we make a Fourier
transformation, neglecting the term iw/c as it does not affect
the final result [4], substitute Eq. (7) into Egs. (6a) and (6b),
and write the system of differential equations in the matrix
form

9E/9% = ME + F, (8)

where we introduce the field vectors E = (E 1 ,E;)T, the noise
term vector F = (F? F\P)T 7 = zdpqe /h, and

ar Bi
M=i . 9
l (ﬂz 052) ©)

The formal solution of Eq. (8) can be written in the form
~ - L -
E(L) = M E(0) + / dZe"OF @), (10)
0

where L = Ldj,e /h. The generated biphotons counterpropa-
gate so that photon “1” leaves the medium at the point z = L
and photon “2” leaves at z = 0. The boundary conditions
derive from the vacuum field fluctuations at z = 0 for photon
1 and at z = L for photon 2 [see Fig. 1(a)], so that Eq. (10)
can be rewritten as

E((D) _<A, Bl) E\(0)
EX0))  \B: A2) \EXD)

L Py P
+ d~< ) FQ®@), 11
/o ¢ Py Py ® (11
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where the connection between coefficients A »,B15,P;;, and
. A~1 B] _ MZ . .
matrix ( B A2) = ™" is as follows:
i, _ BB
A1 B] _ Al ) A,
32 A2 — &

), (12)
Ay

B
<P11 P12>_ 1 g el BT
Py Py 0 —A% '

III. THE CORRELATION PROPERTIES OF
THE EMITTED PHOTONS

:J>x|._. :bllbdl
I S

13)

The spectrum of the emitted photons is described by the

Fourier transform of the first-order correlation function G%(r)
[22,23]:

Ri»(8) = /eiBTG(l%)z(T)dt

= LLEU/em(ET’Z(t —DEt)dT.  (14)

By taking into account that the commutation relation for the
input field operators can be written as [E (), ET(—w')]/ Eg =
8(w + @') [23], and using the solution of Eq. (11), we obtain

R12(8) = |B12)* + Dy, (15)

where the functions D;; are the corresponding moments of the
noise operators derived in the Appendix [see Egs. (A1)—(A3)].

The correlation between the photons emitted to the left
and right is described by the second-order Glauber correlation
function G(zzl) [22],

(16)

As the field emitted by many statistically independent atoms
behaves as a Gaussian random variable, we can use the
Gaussian moment theorem [4,22] and rewrite Eq. (16) in the
form

G (v) = (EI(L,0HEL0,t + 1)Ex(0,1 + T)E\(L,1)).

GP = GGVt + 1) + | Pu (D),

where the first term describe the appearance of uncorrelated
photons and can be found from Eq. (15), and the second term

(17a)

®21(1) = (E2(0,1 + 0)E (L,1)) (17b)

describes the appearance of entangled photon pairs and
corresponds to the biphoton wave function [4,22,24]. Using
the solution of Eq. (11), we find that

®u(r) = [ 7438, + Doy, (1)
where D, is proportional to the Langevin noise terms and is
given by Eq. (A3).

Harris and coworkers [2] have pointed out that a long
coherence time for the biphotons can be obtained due to the
slow light effect [25] experienced by one of the photons of the
entangled pair but not by the other. Here we demonstrate that a
long coherence time can be obtained even in an optically thin
medium, where

aioL,BiaL < 1. (19)
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Under these conditions, Egs. (12) and (13) simplify to

Aia =1, Bip==ipi,L, (20a)
Py=—-Pn=1, Ph=—ifZ, Py=—if(L-72),
(20b)

and it becomes possible to obtain analytical solutions for
the spectrum and second-order correlation function of the
biphotons.

The spectrum of the emitted photons is determined by the
functions Ry »(8) [Eq. (15)], which consist of two terms, | Bj »|?
and Dy 2. The first term takes into account the correlation of
the boundary operators due to the effect of FWM and, under
the conditions of Eq. (19), can be written as

2 Z)/w/c 2 1
|Bi2|” =
Fha(l + K)

14+Q2/T3,
1 L(1=iQ/ T 14iQ/ Tha 2
X [E—
W—is 2 T T,

21

The second term is associated with the Langevin force and,
under the conditions given by Eqgs. (3) and (19), can be
approximated as

Z)/cal62 { 1 yca/ Fha
Re — —
201 +4)? | W—is  2(1+Q2/T2)

. 2 - 2
« [(1 IQ/Fba) + (1 +ZQ/ pa) ]} (22)
Iy I

Dy~

The spectra of the functions |Bl,2|2 and Dy 2, have similar
shapes: a narrow CPO peak of width W centered at § = 0,
imposed on a weak naturally broadened pedestal, in the case
of zero pump detuning. If the detuning is nonzero, this pedestal
splits into two sidebands with the same width, located at the
points 6 = Q. However, as a result of Egs. (3) and (19),
the functions Dy 2> are much more intense than the functions
| By 2|?. Thus, the main contribution to the total spectrum under
these conditions derives from the Langevin noise term.

It should be noted that similar results for the emission
spectrum of the system with a shelving state were obtained
in Refs. [26,27], in the context of quantum jumps.

We now turn to the calculation of the biphoton wave
function [Eq. (17b)]. For an optically thin medium [Eq. (19)],
Eq. (A3) simplifies to

~ Zyca K

Dy =~
e T+«

The — i
Tpo +iQ

1 1
x (=X - : . (23)
14+ W+id Tp +i(2496)

Then, substituting Eqgs. (20a) and (23) into Eq. (18), and
integrating over §, we obtain

®y(1) = nﬁ(B +N), (24)

where
e~ WItl — =Tl (cos Q7| — % sin Q|7])

1+i-5
i Cha

B=i (25)
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FIG. 2. (Color online) Biphoton wave function for V,/ Iy, =
0.01 and ¥,/ Tse = 10~* with (a) zero pump detuning (x = 2) and
(b) Q/T'py = =2 (k = 0.4); total wave function (red solid line),
contribution from B (black upper dashed line), and contribution from
N (cyan lower dashed line).

takes into account the correlation between the boundary
operators;

N

. Q\2
% (1 - l?)z <6Wr| ] K _ eiereral‘r) (26)
1+ (2) +x

is due to Langevin noise; and n = ZnZyw. The general
dynamics of the B and N terms are the same (see Fig. 2):
they are characterized by a long coherence time due to the
term e~"I*l, and an antibunching dip at r = 0 (in the case
k > 1), which arises from destructive interference between
the terms e~"!*! and e~"I*l. In addition, during the initial
period 1/T,, both terms display beating at a frequency
proportional to the pump detuning 2. However, there are also
some differences between B and N: the amplitudes of these
two terms can be different, depending on the values of the
pump detuning and saturation parameter «. In addition, the
term N does not go exactly to zero at the point T = 0, and
the precise form of the beating for each of these terms will be
different.In Fig. 2, we present a numerical calculation of
Eq. (24), and also compare the contributions from the terms B
and N. It can be seen that for the specific parameters used in
the calculation, the Langevin noise term has little influence on
the total spectrum, but for another set of parameters, it could
play a considerable role, especially beyond the optically thin
medium approximation of Eq. (19).
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One of the possible ways of realizing the narrowband
biphotons experimentally is to use a ruby crystal which fits
our theoretical model. Pumping the crystal with an Ar™ laser,
at the wavelength A = 514 nm and intensity / ~ 1kW/cm?,
would generate biphotons with approximate coherence time
1.5 ms and bandwidth 600 Hz.

IV. CONCLUSION

In summary, we have demonstrated that the combined
effects of FWM and long-lived CPOs in a TLS with an
intermediate metastable state are able to produce narrowband
biphotons with a long coherence time whose maximum value
is equal to the lifetime of the metastable state. The biphotons’
wave form and bandwidth can be controlled by the pump
intensity and detuning. During the time 1/ I';,, the biphoton
wave function shows antibunching behavior. If the pump
field is detuned, damped oscillations are observed during this
period.

The theoretical model presented here takes into account the
contributions from the correlation of the boundary operators
and the Langevin noise operators. For an optically thin
medium, it was shown that the emission spectrum is deter-
mined only by the Langevin noise term, as the contribution
from the boundary operators is negligible, but the contributions
to the biphoton wave function from both of these terms are
comparable.
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APPENDIX: NOISE CORRELATION

The substitution of Eq. (11) into Egs. (14) and (17b) gives
the noise-correlation terms

L
Du = [ KL PR+ KUY

+ K (F” Fo )+ (K) (Fay " Fap )] (AD

L
Do = [ EKE(FL )+ KBGO E)
0

+ KB (Fy " Fo )+ (KB) (" Fy)] - (A2)

V'
Duy = [ KLY P + KGO R)
0

21 (=8) (0) 21 (=9) (0)

+ K5 {F Fyy ) + K51 (Foy Fy )] (A3)
where we took into account that (Fé,fi)a)T = FIS;F"Z),,, and
introduced the following functions:

Kii =1PuP’, Ky =IPol, Kj=PfiPn, (A4)

Kt =1Pul’, K3 =I|Pnl’, Ki5=PuPs, (AS)
21 21

Kiy = Py Pu, Ky = PP, (A6)

Ky = P5Po, K = PhPu.
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The expression for the atomic operator ¢ can be split into the
sum of its average value and the deviation from the average
[see Eq. (7)]. By taking into account that (F) = 0, we are
able to express the noise-correlation terms in the following
way: (Fi(t)F;) = (0;(v)oj) — (0i(1))(0;). According to the
quantum regression theorem, the function (o;(7)o;) can be
determined from the same equation of motion as the function
(0;(7)) [28,29]. By using the Laplace transform, we can write
correlation functions in terms of the steady-state solution (o)
of Eq. (1) and the U matrix [26,27,30-32], where

0 0 DINRA
(0©) = (o3 }ome WMo (o) (A7)
B =(0,0,y.4.0)" . (AB)
—(Tpe +iRQ) 0 iV —iv
Y .0 —(rba.— Q) —iv Y%
iV =iV ~Yea Vba — Yea
—iV iV 0 —
(A9)
US = iz (0©)=—M"'B, and I is the identity
matrix.

The correlation functions, after some algebra, take the
following form:

PHYSICAL REVIEW A 84, 033845 (2011)

where
of
a
i = <Gb(2)> B |<Ua((13))|2 (A14)
T )0 - 6@)
—{ogp ow)
(@) = lfos)
(02
@y = (o) . (A15)

oo

(3 (1 = (o35)

Under the conditions of Eq. (3), functions (cri(]p)) and
0)

Uij2j can be approximated as follows: (o,,,,)~
o (O~ me (U kvea/v). (o) ~
T Vea/ Voo
rEIrEIrys 4 y2pe?
2 (£9)
U gm | e | @19
ivrey'r,
—iVITP(CEY + Yea = Voa)
yare
+5 +5 +5
US'E(S) = ﬁ FE )ngal.ta)r%ﬂ)) —‘_(i‘;zr(T | . (AIT)
—ivrET
VI (TS + Vea = Via)
where TG =y, Fi8, 5 =y, Fis, TS =T, +

Fca + Yea — Vba> and D(ia) = F(lﬂ)f'éﬂ)[rgf‘”rl(,ﬂ) +

+6 1 1
VOZF(T )( 3) + m)]

0
l—‘l

4
+8) (0 +5
(F3 F))=Re Y U ;. (A10)
j=1
4
+8) (0 +8
(FOFo) =Re Y UGy, (Al1)
j=1
4
+8) (0 +8
(PR =R U0, (A1)
Jj=1
4
+8) 1-(0 +8
(Fa o) =Re Y "US" Dy, (A13)
j=1
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