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Quantum parametric double Raman oscillators with co- and counterpropagating fields:
Relative intensity squeezing and spatial photon correlations
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We present a comprehensive study of co- and counterpropagating Stokes and anti-Stokes quantum fields in
double Raman four-wave mixing parametric oscillators using full quantum Heisenberg-Langevin framework
with noise operators. General analytical solutions of the fields operators at any point in the Raman medium are
obtained for four cases: two possible copropagating (forward) and two counterpropagating (backward) Stokes
and anti-Stokes. We analyze the symmetrical properties of the complex linear and nonlinear susceptibilities
spectra of the quantum fields, nonclassicality of two-photon correlation functions, spatial variations of the
quantum fields, and the two-mode relative intensity squeezing. We compare the results of forward and backward
cases for several limiting double Raman schemes. We find interesting resonant effects of medium length, laser
detunings and laser field strengths (Rabi frequencies) for backward-propagating geometries. Analysis of the
solutions provide insights on the resonant conditions while computation over multiple variables enables us to
identify the values of laser detuning, field strength, and propagation length that give enhanced nonclassical
intensity squeezing and persistent correlations. The present work sets the crucial foundations for optimization of
the nonclassicality of photons in double Raman systems and would be useful for quantum information storage,
quantum nonlinear optics, and quantum spectroscopy.

DOI: 10.1103/PhysRevA.106.053705

I. INTRODUCTION

Nonclassical photon pairs from double Raman scheme in
backward geometry, with counterpropagating quantum (and
laser) fields, have been shown to exhibit amplified reflection,
phase conjugation and oscillations without a cavity [1-3]),
phase transformation to self oscillations [4], perfect squeezing
and spectral line narrowing [5]. Frequency-tunable mirrorless
parametric oscillation was recently demonstrated in the THz
domain [6] with high efficiency.

The scheme is promising for quantum nonlinear optics [7]
at low light level, even with cold atoms [8,9], where a few
photons is sufficient for establishing sustained oscillations
[10]. It is of interest for storing quantum information in the
coherence between the ground states, such as long-live atomic
dark state.

The double Raman scheme has been widely adopted for
quantum memory where more efficient storage and retrieval
of single-photon information has been demonstrated using
counterpropagating laser geometry [11]. In atomic gases, the
spectral broadening due to Doppler frequency shift of mov-
ing atoms determines the efficiency of a high-speed quantum
memory [12]. Counterpropagating pump and control lasers
used for backward retrieval of signal field managed to achieve
higher retrieval efficiency in atomic quantum memory [13]
without the need for cavity [14]. It was shown that 100%

2469-9926/2022/106(5)/053705(31)

053705-1

retrieval efficiency is possible, despite the presence of Doppler
shift, by using the laser direction to control the bandwidth
of quantum memory [15]. Coherent manipulation technique
[16] can also completely freeze motion-induced dephasing by
engineering the spin-wave momentum with negligible noise
and zeroing the spin-wave momentum.

The copropagating geometry has been widely studied due
to high degree of phase matching. For instance, in recent
experiments four-wave mixing with a single control laser in
hot Rb vapor has also produced multiple quantum correlated
beams using cascading four-wave mixing (FWM) [17] and
intensity-difference squeezing in two-mode phase-sensitive
amplifier [18]. In quantum regime counterpropagating geome-
try provides highly efficient nonlinear interactions in photonic
(periodically poled) structure [19] to generate narrow band-
width entangled photons [20] useful for quantum repeaters
[21]. At the low light perturbative regime the nearly degen-
erate four-wave mixing with counterpropagating laser enables
phase conjugation process [22] that produces time reversible
retrieval of stored quantum information. The increasing re-
search outcome involving counterpropagating optical setups
shows that this scheme deserves careful and integrated theo-
retical study.

Spectroscopic techniques to investigate properties of mat-
ter with quantum light have recently been developed based
on FWM where noise-free spectroscopy [23] and quantum

©2022 American Physical Society
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FIG. 1. (a) Double Raman scheme, (b) two-possible copropagating and two-possible counterpropagating schemes for Stokes and anti-
Stokes photons in 1D medium with length L. (c) Possible phase-matched wave vector directions for the pump and control lasers.

memory using seeded squeezed light [24] were demonstrated.
Vacuum squeezing through self-rotation [25] with the gen-
eration of pulsed and continuous-wave squeezed light [26]
makes use of spatial dependent phase and quadratures of the
complex elliptically polarized electric field of the photons in
the controlled quantum medium and single-pass interactions
without cavity or mirror. The implicit criteria for squeezing
is where the creation or annihilation operator at the output is
dependent on both the creation and annihilation operators of
the input (vacuum).

It is possible to obtain x® using classical intensity gain
spectra given by quantum measurement via the relative in-
tensity squeezing spectra [27]. We verify the validity of our
model through an experimental study in Rb vapor [23] which
showed that external noise degrades the resolution of classical
measurements, while quantum signals remain intact. Using
squeezed light source, noise spectra of quantum detection
provide high-precision measurements beyond the shot-noise
limit, which is especially crucial in the case of weakly ab-
sorbing materials.

Our present work provides a comprehensive theoretical ba-
sis useful for those experimental works. The improved model
is impactful as it is capable of predicting new experimental
measurements in recently obtained experimental results, such
as the investigation of squeezing and quantum light spec-
troscopy [28]. Here, we consider the backward-propagating
quantum parametric oscillators medium with length L com-
posed of four-level double Raman system [Fig. 1(a)], valid for
arbitrary pump and control laser fields using the Heisenberg-
Langevin framework with noise operators. The inclusion of
quantum noise is crucial in small signal regime because
the amplification comes from a constant supply of excited
atoms undergoing spontaneous emissions. We obtain gen-
eral nontrivial solutions for Stokes and anti-Stokes quantum
fields at any point in the medium for four cases (Fig. 1):
two possible copropagating (forward geometry) and two for
counterpropagating (backward geometry). The solutions for
counterpropagating case in Ref. [29] were only for both ends
of the medium. This enables us to compute photon correla-
tions functions between any two spatial points and relative
photon number or intensity squeezing S,s [30].

One important aspect or novelty in the present work is
the development of full quantum approach for study of two-

mode squeezing, especially the counterpropagating geometry.
The second important result is on understanding the effect of
propagation length as well as the laser parameters to optimize
the two-mode squeezing. We also address the question: How
are the nonclassical correlations affected by the medium or
propagation length L, laser parameters and counterpropagat-
ing lasers (backward geometry)? We focus our analysis on the
backward case, especially the regime around mirrorless am-
plification. We find intriguing features in the Cauchy-Schwarz
correlation g€5(7) and the relative intensity squeezing. The re-
sults give important insights for optimizing the nonclassicality
and controlling the noise of double Raman photon pairs for
quantum information storage, quantum nonlinear optics, and
spectroscopy.

In Sec. II, we obtain semi-analytical expressions for the
Stokes and anti-Stokes fields in Fourier-transformed spaces
by self-consistently solving the equations for the coherences
with the field propagation equations. This gives the pair of
coupled parametric equations for the quantum fields with
coefficients expressed in microscopic quantities valid to all
orders of laser fields. From the coherence operators, we ob-
tain the linear and third-order susceptibilities (Sec. III). In
Sec. IV the solutions of the Stokes and anti-Stokes operators
for forward and backward cases are obtained after considering
the different boundary conditions. In Sec. V, the expressions
linking the correlations and intensity difference squeezing
are presented. Simulated results are discussed in Sec. VI for
varying propagating lengths and for different detunings that
represent different Raman schemes. In Sec. VII, we high-
light insightful observations and new effects in our results,
make connections with quantum memory, and relevance to
existing works, phase matching, Doppler effect, presence
of hyperfine levels, laser phase locking, and proposal for
experiment.

We have also provided mathematical details in the six Ap-
pendixes; all the Heisenberg-Langevin equations with noise
operators in Appendix A, coefficients of the susceptibilities
and parametric oscillator equations in Appendix B, roots of
the parametric oscillator equations in Appendix C, differential
equations of the spatial factors governing spatial propagation
in Appendix D, derivation of correlations of boundary oper-
ators in Appendix E, and derivation of correlations of noise
operators in Appendix F.
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II. NONLINEAR THEORY FOUR-LEVEL DOUBLE
COHERENT RAMAN MEDIUM

The Hamiltonian of the four-level system is given by H, +
V({r;},0):

Hy=Y" > hodc)c/ I+ (&b&m + E)hvkk,
kA

J s=ab,c.d

(1

j A j 1 ik, r;
Y hg) gaald) (g™
ki, c=b,c

mmﬁ=—2[

J

+ Y gl a7l
qA,c=b,c

+hQ(r;, t)|d’) (¢TIt
+ hgdd!) (D1 (ey. 0
+ Qe (r, D)lal) (B e KeTimvn

+Mm%ﬂ&mﬁﬂW+Hﬁ,(m

where A,c xn = Vkn — Wac, Dac ki = Vki — Odes Ae = Ve —
Wap, 8q = Vg — Wae, Ap = V) — Wye, 5 = vy — wyy are the
photon-atomic frequency detunings. The subscripts p, s, c,
a stand for pump, Stokes, control, and anti-Stokes fields,
respectively. Initially, the Stokes and anti-Stokes photons are
emitted into all directions. However, stimulated emissions
and the geometry ensure that the Hamiltonian only has the
particular mode along the z direction that satisfies a minimum
phase mismatch. The first line contains the quantum vacuum’s
multimode photonic operators. The Stokes and anti-Stokes
quantum fields, denoted by operators (with hat) E, and E, are
composed of some of these modes.

The Rabi frequencies for the two laser fields E,, E. and
two quantum fields E;, E, that contain the spatially dependent
phase k;z and absolute phase ¢; in the factor ¢/®*41) are
defined as

QP(Z, t) — |Qp|ei((ﬂp), QC(Z, t) — |Qc|ei((ﬂr), (3)

S(Z» 1) = gsEA‘seiw‘r)v A(Z, 1) = guéaei(¢a)a “4)
with the coupling constants g, = gup/k, g = guc/h, 12| =
sucEy/h, || = gupEc/h. The terms contain absorption and
emission processes [the corresponding terms in Hermitian
conjugates (H.c.) with *] while the spatial factor ¢/%/% is for
forward-propagating laser and e~"%i* for backward.

The Hamiltonian leads to 16 coupled Heisenberg-Langevin
(HL) equations for the atomic operators, as given in Ap-
pendix A and also Ref. [29], along with definitions of the
complex decoherences T,g, effective decoherence rates y,g,
and noise operators Faﬁ, o, B =a,b, c, d. For derivation of
HL equations, the readers can refer to Refs. [31] and [32].

The spatial-temporal dynamics of the quantized fields, de-
noted as Stokes and anti-Stokes operators, are governed by the
Maxwell’s propagation equation in the slowly varying enve-

lope approximation (SVEA) coupled to the atomic operators
Pbds Pac through

19 3\ A e
WV + gS_ E.S‘(Zv t) = IKse Szpbd(zﬂ t)v (5)

c ot 0z

10 0\ A .

——+ ¢ |El(z, 1) = ik} Pac(z, 1),  (6)
c ot 0z

where  «y = %N@ﬁcuoa)aﬁ, N is number density,
and f =s,a; aff =db,ca. This can also be derived
from the Heisenberg equation with the commutation
relation  [Es(r,1), Ef (r;, )] = (poliwap/2)8*(x —1;) =
(hiwap/2€,)8° (r — r;) and dr/dt = dv;/dk — dz/dt = c.

The rates for all broadening mechanisms such as spon-
taneous emissions (I'ye, Typ, Tap, [4e) and dephasing are
contained in the decoherences y, 4. The wave vector and fre-
quency mismatches are defined as (assuming one dimension,
along 7)

Ak = k,+k.—k,—K,, (7
Av:Vp+vc_vS_vav (8)
kj Zﬁjkaﬁj\/é‘_j\)j/c, (9)

where ¢y = %1 is the sign of quantum fields unit vector 7,
iy = % (j = p, s, ¢, a) is the unit vector of the wave vector
that determines the directions of the pump, control, Stokes
and anti-Stokes photons, specifically in one dimension (1D)
iij = +Z for photons propagating along +z and 71; = —Z for
—z directions, with corresponding dielectric function ¢;.

We adopt the linearization approximation for those terms
containing the quantum fields (weak signals) £, and E, by
assuming that the diagonal operators 677, and p%,, p¥ with
their conjugates are at steady state, i.e.,

Prs(z, DEf(z, 1) = Ef(z, )P (2). (10)

Note that the quantum fields terms would give rise to nonlin-
earity if p,; were not approximated to be steady state.

Neglecting the terms with quantum fields in the equa-
tions for % Pra and (% Ded»

Em:—mm+MJW@~@»wW@,<m
d . .
—Pea = =T} Pea + iQ2pe™ (60 — 644) + ew’)thch (12)

dt
coupled to the equations for £ 6,
d . ez~ ks a ) .
Eaaa ~ I(chlk“pab - Q:e lkfzpha) - (Fah + Fac)aaa + Faaa
(13a)

d . ik A oz . . L
L >~ i(Qie ™ ppg — Q€™ Pap) +T ap6aa+Tapbaa+Fon,

(13b)
d : . .
E‘i‘c = _i(Qpelkpzﬁdc_Q;e_lkpzﬁsd)+Facaaa+rd66dd+Fcc’

(13¢)

d

E?fdd ~ i(Qpe"r pac— Qe pea) — (Cap + Tac)6aa+Fua,

(13d)
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form a closed set of equations of zeroth order in quantum
fields. Exact analytical solutions for the steady-state operators

population &', and coherences pj, and p, are obtained, for
example,
T;;ﬁba = iRc(6bb - 65;(1) + ethFab’ (143)
TjiPea = iRy(Ec — Gua) + " Fy, (14b)
and hence the expectations
- N R
5 R R
B = (9]~ a6
dc
WhereRp,C = Qp_ce kp.cz and wﬁ = Paa — PBB = (&m — 6’[3,3)

(o, B = a, b, c, d) are the population inversions, T, = iA, +
Yabs Ty = iAp ~+ Vde-

The four equations (from Appendix A) for % Dap(t), aff =
bd, ac, bc, ad that have been linearized are in closed form

d A & A
(d[ + 7;;d)pad - l(Rppac A R?Pbd + S(PZ;,)

_A\%efl'Avt <ﬁi‘[d>) +e*i\1(.xtﬁad’ (17a)
= i[(p), — PL)AT — R:ppe
+ R Paa ] + €M P, (17b)

dt +7wbc ﬁbc — _i(RCﬁac_ lAl)prp d) _l( lAvls(ASl)
= AN (Bpa)) + € e, (170)
d * A . —iAVt & A
a7 + T}, ) Poa = i[Rpe Dbe — RePaa
+3(phy — Pla)] + €™ F),, (17d)
Toe = 184 + Yac» (183)
Tad = l(AC - 5v) + Yad» (18b)
Ty = i(aa - Ac) + Vbes (180)
i, = —id, + Yab. (18d)

Hence, we have a closed set of four HL equations involving
Pbds Pac Pad> Pbe coupled with the propagation equations for
quantum fields. The solutions for p,g(v) can be obtained in
terms of analytical expressions for steady-state density matrix
elements of (a) dlagonal operators 63 and (b) coherences
driven by lasers p%,, p¥, after performing Fourier transform
(F operation) and Laplace transform (£ operation) defined by
X()= [X(@t)e"dt, Y(q) = [Y(z)e ¥dz from time (¢) and
space (z) to frequency (v) and wave vector (g) on the above
four equations.

By performing Laplace-Fourier (£F) transform to wave
vector ¢ and frequency v domains, we obtain analytical solu-
tions for paq(q + iksy, v), Prc(q + iksp, v — Av) including the
coherences ppy(q + ik, v) and pu.(q — ik, — iAk, v — Av)
associated with the quantum fields S (q,v) = LF{S(z, 1)} and
Af(g,v) = LF{AT(z, 1)).

Explicitly, the transformed Stokes field in wave vector—
frequency domain is

5 _80,v) | gk
S(g,v) = W o0 ) Dralq +iks, v) (19)
_80,v) | igeks
00 QWD
, LKl S(0, v)
]-‘ , W+ W,
LZ]G @orei(wr 0,(v) o
AT, v = Av)
—iw, —Qw(\)) } , (20)

and similarly, the anti-Stokes field

R AT0,v) =gkt [ L
AT /’ Yy — a-a f ,
@) ="5,0 T om0, ;g’ @)
. Ks8s AT, v) S0, v)
- Wa Was s ’
l[ T ow) } 0, 00) }
1)
where
Q(V) = Gsq — iV/C, Q/(V) = Gaq — iU/C, (223-)

iAk) — i(v — Av)/c = O'(v) + ip, (22b)
(22¢)

0,(v) = culg —
¢ = Av/c — c,Ak,

and v = v — Av, ¢’ = g — iAk. The summation indexes j =
1, 2, 3, 4 correspond to ac, ad, bc, bd. The coefficients W 4,
Ws/a, Was, Gj, g;. are given by Egs. (B3), (B6), (B9), and
(B10) in Appendix B.

We may consider four cases (as illustrated in Fig. 1): (1A)
forward (Stokes and anti-Stokes are co-propagating), Stokes
and anti-Stokes in +z direction (7ii; = 71, = Z); (1B) forward,
Stokes and anti-Stokes in —z direction (ii; = i1, = —2); (2A)
backward (Stokes and anti-Stokes are counterpropagating),
Stokes in +z and anti-Stokes in —z directions; (2B) backward,
Stokes in —z and anti-Stokes in +z directions. The cases A
and B are different relative to the propagation directions of
the pump and control lasers:

OW) = (—=iv/c+q)=0', ¢ = Av/c— Ak (Case 1A),
(23a)
¢ = Av/c + Ak (Case 1B),
(23b)
O(v) = (=iv/c+¢q), Q)= (~iv/c—q)=-0",
¢ = Av/c 4+ Ak (Case 2A),
O(v) = (=iv/c—¢q), Q)= (~iv/c+q)=-0",
¢ = Av/c — Ak (Case 2B).

o) = (—iv/c—q) =0,

(23¢)

(23d)
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II1. SUSCEPTIBILITIES IN q AND v

The polarization Isa,k(q/, V') = Ngx pac associated with the anti-Stokes coherence p,. (and density matrix element p,) is
obtained generally as

’o Néq( . Ks8s ]AT(O’ v/) . 3(09 V)}
P, s = —{—i| W, + Ws + W, 24
Forld v =50 v>{ ’[ 0 0,m 0w )
=0y XSUER O+ 80 Y X Bsm(0, VES,,, (25)

1 Imn
where
Ks8s g Krgh K8s
D , — D W a a W aoa 26
o(q- V) =DPW 5 Wt 5,0t 0,00 00 (26)
D) = (Tj, — iv)(Tae — iv')(Taa — iv)(Tpe — V') + 12 + L{(Toe — iV )(Tag — iv) + (T, — iv)(Tye — iv)}

F LA(Tye — V) (Tpe — V') + (T, — iv)(Tug — iv)}, 27)

and contains the linear xa kl and nonlinear Xa(3/<)lmn susceptibilities with temporal and spatial dispersions. Please note that, while

the susceptibilities for the Stokes x{I**) correspond to text [31], the susceptibilities for the anti-Stokes defined here y,(—v) =
[ xasz(v)]* are the complex conjugates.
Replacing Eqgs. (15) and (16) into Eq. (B3),

dd
W, = sz;';sz*{ i [Ipc+de(v)Tbc(v N+ [pc—Tb’;,(v)nd(v)]—wa[nc(v)+Tud(v)1} (28)
dd
Wa = Iyl + Ty ) Toe (V)] = L "”[Ipc Ty Taa ()] = Wil Tua (0) + LT (V) + Ty () Taa (0 The (W)}, (29)
dc ab

leads to familiar expressions for the linear susceptibility X/E and third- order susceptibility xklmn

The term g(&) W,s gives nonlinear dependence on the optical density in x,, 28 Inserting the definitions of Q, = Y, g,/ E €%,

Qe =Y, 8emFene™, ATO0,v) =", g5 BT (0, v)e™ 7, $(0,v) = 3, 801Ei (0, v)e™? (I =x,y,2) and Q(v), Qy(v), we
may write analytical expressions for the susceptibilities (neglecting %Was) in terms of the parametric oscillator coefficients
Egs. (45) and (46) (in next section)

0 oy We Moy (Gt ) 30
Kaia (2> V) = D(v)Q¢(v) eoh ZQ¢(v)(ka/2) o
i [ e = T = 7 e + T ()T G
DW)Qy() | 4w, Tya(v) + L.Toe (V') + T} (V) Tua (W) T (V')}
O o) N i, S0, v) W, Na 2 tin 8 3.8
Hakim = e DONES B0 Ez, 0) — D@)0OM) Q;Q:feoh3
_ & iKe (32)

gh ke QWE E¥,
. Frimn { wZZ
= ]— ——[ P
DW)OW) | T

where F i = N, /(€0h), F timn = Nexsh 3 mE. ./ (€077).

The associated phases ¢ AKH50)2 and ¢/ from inverse transform are removed by the definition of susceptibilities in (z, v).
Equation (30) recovers the susceptibility for electromagnetic induced transparency (EIT) by setting 1, = 0,

dd
d (V)Tbc

— Ty (D Toa ()] — wi [T (V') + Tad(V)]}, (33)

iF ,
X = 4 =y [ Y 1, 4 Ty ) Tt 0] 4 e+ Ty ) Tt ) T (0 )wz;‘] (34)
’ (q lAk ) ab
if 1 T Ve — L7 ' pomw 35)

(g ink—i=A) | T (D Tpe (V)

1
I+ IC{ T;},(V)Tm/(v) + Tm(v’)Tb(»(v’)}
IDO) = (T, = iv)(Tue = V) (Tag = 0)(Toe — V') = 12 + L{(Toe = V) (Tye = V') + (T, — iv)(Tog — iv)}, (36)
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which reproduces the usual result without laser field,

qu(pk wtl[l

Xa,kl

Keeping the pump and control fields to first order means setting D — (T, —

Yoo h(—i=EY g — iAK) Tpe — i(v — Av)]

l‘))(Tuc —iv )(Tad - iv)(Tbc - il)/) and Ip: Ic -

0 in the numerator, we have the perturbative third-order susceptibility

3

w[bb TZ;Z(U)T;,C(U ) -

dd
F= T DT (V) = Wi [Toe (V) + Toa(v)]

= iN@ Y & st

Imn

Xa klmn — 80h3 (

IV. PARAMETRIC OPERATOR EQUATIONS FOR
QUANTUM FIELDS

We can derive the coupled parametric differential equa-
tions by performing only Fourier transformation in time (as
in previous section) on the four HL equations and two prop-
agation equations or the quantum fields S(z,v) = F{S(z, 1)}
and At (z,v) = F{AT(z, 1)}

<gsaiz + gs>$(z, v+ KA = B, (38)

(gaa% . ga>AT(z, V) + Kl v) = Flv), (39)

with effective noise operators

4
Fiz.v) = igw, Y CiFiz v, (40)
i=1
4
Fiv) = —igikl Y CiFiz, v), (41)
Faelz,v) = FleMee ™00 2,0}, (42a)
Faa(z, v) = Fle " 0F 4z, 1)}, (42b)
Frelz, v) = Flethce e il By (z,1)), - (420)
Foa(z,v) = Fle &0 F (2, 1), (42d)

where C; = and Ci = ' and the frequency-dependent co-
efficients

G, =g - . 43)

K, = —gsngzl, (44)

G, = ey e~ B, (45)

Ke=—glk} V;S. (46)

For Raman-EIT (REIT) scheme, where the first (Stokes) Ra-
man is far-detuned while the second (anti-Stokes) Raman is
resonant, we find K, ~ —KC, while |G| <« |Kql.

- Z)(del -

- - - - 37
iv)(Toe — V') (Tog — 1) (Tpe — V')

(
A. Solutions of the parametric equations

The coupled parametric equations (38), (39) can be solved
by Laplace transform method, giving the general solutions in
terms of the fields 5‘0, A(T) at z = 0 and the convoluted noise
operators

8(2) = (E,0) — G286 + “(Z)ic AT
N /z |:]Cx Bz —9) ]-'aT(s)
0 Cs Sa
{uq<z —9 -6, 2 )}ﬂ(”}ds, @7
gﬂ gs
A'(z) = (Eq(z) -G E(Z)>Ag + K, E(Z)So

+/ [{Eq(z—s) g 2= )}f(s)
0 Gs Sa

E(z—9)F
+ ]Cauﬁ]d& (48)
Sa Cs
with the spatially dependent factors
efq+z J— _equz
E,() = 9+ q
9+ — 4-
o (o + Ble P — (a — B)ef?
2p
= (cosh Bz — % sinh ﬂz), (49)
e 9+ — g4-2 e P71 _ oP?
B(z) = =e
4+ — q- 2p
inh
— smlB Bz ’ (50)

where the two roots g+ for any geometry are derived in Ap-
pendix C for finite Ak and for Ak = 0,

g+ =a £ f, (51a)
1
o= E(ga/ga +Gs/S5)s (51b)
p= 1\/042 ~ GG -k Glo
2 GaSs
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\/(ga/ga _gs/gs)z ICaICx
= + .
2 SaSs

(51d)
We take note of the properties
4+ +q- = (Ga/s + Gs/s5), (52)
1
q+9- = (gugs - Kalcx)- (53)

SaSs

We found the following identities that are used to verify the
correctness of the solutions:

d

3286 = ~E,(2), (54)
J 92 -
32800 =~ 58 (55)

It would be useful to define I'I;f = (GyE £ E,) and provide
their mathematical relations in Appendix D.

B. Case 1A: Forward geometry, Stokes
and anti-Stokes copropagating toward +z

A Forﬁs = ;:10 :A+z (s =64 = 1) vxiilth inHut fields atz = 0,
So = 380), S = S(2), A] = A(0), AT = A’ (z) the solutions
are straightforward:

S(z,v) = —T1; (2)8(0) + K, E(2)AT(0) + Js(z), (56)

Al (z,v) = =17 @) AT(0) + K, E(@)S0) + Ja(z),  (57)

Js(z) = [ [T (z — $)Fi(s) + K E(z — )F (5)1ds,
0

(58)

Jh(2) = / Tz = 9)ET(s) + KBz — )7, (5)]ds,
0

(59)

with the response functions to the noise sources F; and F that
are spatially nonlocal. Here,

gs = 1Gu+ G+ 1/ Gu + G — 40,0, — KKy,

(60)

If we define
Y, v) =~ (x), ¥,(x,v)=KEx), (61)
Vi, v) = KB), ¥ (x,v) =TI (x), (62)

the solutions can be rewritten using the same symbols as

S(z,v) = ¥z, VIS0, v) + ¥z, v)ATO, v)

+ /0 [0, v)F(s, v) + Y&, WEL (s, v)]ds,

A A N 63
Al (z,v) = ¥z, v)AT0, v) + ¥z, v)SO, v) (63)

+ fo [veE, vIF (s, v) + YoE, v)FE (s, v)]ds,
(64)

where § =z —s.
Here we obtain useful relations

0

LI = KK,EQ - G @) (65)
(%n; = KKER) — 6,17 (2), (66)

using Egs. (D4) and (D2) that enable us to verify the correct-
ness of the obtained general solutions. The phase matching
condition here is Akjy = (k, + k. — k; — k,) = 0 for 1D.

C. Case 1B: Forward geometry, Stokes and anti-Stokes
copropagating toward —z
For iy, = i, = —Z (¢y = ¢, = —1) with input fields at z =
L, S(L), A"(L) the solutions are straightforward:

Sz, v) = I} (2)8(0) — K,E()AT(0) + Js(z),  (67)
Af(z,v) = TH2)AT0) — K,E(2)S0) + Ju(z), (68)
Js(2) = / KB — 9)EH(s) — [T (2 — ) F()]ds. (69)
0
a2 = / KLBG — 9)F(s) — [ (2 — ) E (9)ds,  (70)
0
with the boundary fields
S(L) = THL)S0) — KEWL)AT0) + Js(L),  (T1)
AN(L) = 7 (L) AT(0) — K, E(L)S0) 4+ Ja(L).  (72)
Solving these simultaneously we have
§ — L + § = AT
S(0) = Z(L)[Hs (L)S(L) + K,E(L)AT(L)
— I (L)Js(L) — K E(L)Ja(L)], (73)
. 1 .
T - + i =
AN0) = Z(L)[H“ (D)A(L) + K,E(L)S(L)
— T} (L)JA(L) — E(L)KaJs(D)], (74)
where the denominator
Z(L) = I} (LTI (L) — B(L)* KK (75)
can be evaluated as
Z(L) = E] + BEy(Ga+ Gs) + E*(GuGs — KKy)  (76)
— ¢ 9+Lp—a-L — e(g,Hrga)L’ (77)

1 1
q+ = _E(gs + ga) + 5\/(gs + ga)2 - 4(gags - ICaICs)-
(78)
The phase matching condition here is Akp = (—k, — k. +

ks + k,) = 0, which means the wave vectors of the lasers must
be opposite to the Case 1A.
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Replacing 5(0), A(0) from Egs. (73) and (74), the solu-
tions Egs. (67) and (68) are finally expressed in terms of the
boundary operators S(L), A (L):

8(z,v) = ¥z, L,v)SIL) + ¥z, L, v)A'(L)
— iz, Lv)s(L) — ¥i(z, L, v)Ja(L) + Js(2),
(79)
A'(z,v) = ¥z, L v)SL) + ¥ (z, L, v)AT(L)
— Yz L v)Js(L) — ¥z, Lo v)Ja(L) + Ja(2),

(80)
Yz, Lov) = ﬁ{nz(z)njw — KKBREWL), (81
Yoz, Lv) = %{nnz)m) — I} (L)ER)}, (82)
Yz, L,v) = Z(Z){H:(z)s@) - E@I; (L)}, (83)
P Lv) = —— (M @I (L) — KKEQED).  (84)

©Z(L)

D. Case 2A: Backward geometry, Stokes (anti-Stokes)
propagating towards +z (—z)

Here, iy = +Z and n, = —Z (¢; = 1, ¢, = —1) with the
fields must be expressed in terms of the fields at boundaries
$(0) and A'(L). The solution of the Stokes and anti-Stokes
fields are

Sz, v) = TH(@2)80) + K E@)AT0) + Js(z),  (85)

Az, v) = —TI7 (2)AT(0) — K,E(2)S0) + Ja(z),  (86)

Js(2) = / [Tz — ) F(s) — Ky Bz — ) E (5)lds,  (87)
0

Ja(z) = / [T, (z — $)F (5) — K, B(z — 5)Fi(s)lds. (88)
0

Using Eqgs. (85) and (86) we obtain S, A'(L) and
rewrite as

. —AN(L) = K,E(L)S©0) + J4(L
A10) = (L) 7() (0) + Ja( )'
I3 (L)

. Replacing Eq. (89) into Egs. (85) and (86) to eliminate

AT (0) gives the result

S(z,v) = (H;_(Z) -

(89)

/CJQ,E(z)E(L)) 30
I (L)

ICS E(Z)

I (L)

I (z) - = A
(1) (L) H(Z)]’CaS(O)

Ks8(2) ~r
- @) A'(L) +

H;(Z) At
—H;(L)A L)+ |:
7@
T (L)
At z = L we have
(GGl

[T (L)
+ Js(L),

Ja(L) + Js(z), (90)

Al(z,v) =

Ja(L) + Ja(2). o1

—ANL) + Ja(L)

S0) + K,E2(L) -0

S(L) =

92)

where we used

ML () — KKa Bz = —e @9 (93)

_ Lo L/e _cy _
q+ = E(QY ga) + 2\/(gv ga) +4(gags lCaICv)(94)

In general,
S(z5, 1) = Wi (24, 1)S(0, v) + Wi (z5, AL, v) (95)
L
+ / (Vi s, V)F(s,v)
0
+ Yz, 5, VIEL (5, 0)]ds, (96)
A (24, v) = W24, V)AL, ) + W (24, 1)S(O, V)

7
L A
+ / (¥ zar 5, V) Fi(s5, )
0
+ ¥ (24, S, v)}]:';(s, v)]ds, (98)
with the coefficients
s _ + _ K:A‘ICaE(Zs)E(L)>
Wiz, v) = (1‘[” (z5) —H;(L) ,
s _ KB
W (25, V) = ) (99a)
a _ I a) ooy
\I'l_y (Za, V) = Ka|:ns_(L) H(L) H(Za)]s
Wi(z4, v) = 1;1__ ) (99b)
Vi (25, 5, v) = T (25 — $)O(z — §)
KsE(zs) _— 3
_( n-(L) )’Cau(L $)O(L —s), (100a)
W;(Zm s, V) = _ICXE(ZS - S)G)(Zx - S)
K B(zy) _
( (L) )Hs (L —s5)O(L —y5s), (100b)
Wf(za, S, V) = _K:a E(Za - S)@(Za - S)
7@\ oy B
+ ( E) )’Cau(L 5O —s), (100c)
Vi (Za, 5, v) = T (20 — 5)O(z4 — 5)
- H“_—(Z“) [ (L —s)O —s) (100d)
n-w/) '

where the Heaviside function © ensures that the first term in
is integrated up to z; or z, while the second term is integrated
up to L. The phase-matching condition here is Akyy = (k, —
ke — ks + k) = 0.

E. Case 2B: Backward geometry, Stokes (anti-Stokes)
propagating towards —z (+z)
Here, iy = —% and i, = +Z (¢, = —1, ¢, = 1) with the
fields must be expressed in terms of the fields at boundaries
S(L) and A(0). The solutions are obtained from Egs. (90)
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and (91) by the changes S@) < A'(2), G, < Gy, Ko < K,
and F (z) < Fy(2),

A KKE@Z)EWL)N A
T _ + _ f
Al(z,v) = (HS () o )A (0)
S = Js(L)
—K4.E(2) (@) +Ja(z), (101)
s S(L)—s(L)
S(z,v) =11, (Z)—H;(L)

LGP,
+ [n; HED u<z>}/csA (0) +J5(2),

(102)
a2 = / [Tz — 9)FH () — KuBlz — ) Fa(s)lds, (103)
0

Js(2) = / (M- (2 — )F(5) — KBz — ) E (5)1ds.  (104)
0

The phase-matching condition here is Akyp = (k, — k¢ +
ks —k,) =0.

F. Analysis of resonance effect

The resonance conditions for backward Cases 2A and 2B
are determined by the denominator of the solutions, i.e.,

sinh Bz

M; =0,
B

!

(¢ — Gy) = cosh Bz,

B
%(ga/ga + gs/gs) - gf ’
which is the key to enhancement and mirrorless oscillations

of the quantum fields. For Case 2A, the resonance condition
My (L) =G,8 — 8, >~ 0 gives

tanh Bz =

p
%(_ga + gs) - gs

___ %P

(Ga + G5)

41 KCs
= J1-
(Ga +G5)

where B = %[(ga + gs)z - 4ICaICs]1/2- If (Ga+ gs)2 <
4K, s, B is imaginary, and using tanh 8z + itanifz =0
we can write the condition for the optimal lengths that give
resonant peaks as

tanh L, =

(105)

L,
tan ?aC = —C, (106)

where [4/C,Ks — (Gs + G.)*1/? = aC and a = (G; + G,). So
there are discrete resonant lengths
tan~! (—=C) + mm
aC ’

where m =0, 1,2.... This formula correctly explains the
resonant peaks in Fig. 3(e) with spacing of 2w /aC = 4.216 x
10%.

For symmetric scheme, i.e., identical pump and control
field parameters A, = A, Tpg = Tj, I, = I, = I, we may set

L =2 (107)

aa _ ,paa — ,dd _ odd — — * o Uk T
Whoy = Wee = Wee = Wiy Tae = Tap = Tac, Tpy = Ty = Tgpy

and gk} ~ gk, with the analytical expressions
grkw

Ty I— (108)
(2+42)
yT + 1V

4K, 4(IV)?
C= |——— 12> |/ ————1 109
(Gs + Gu)? \ y2+ A2 (109

a:(gs"i_ga):_

V—<1+1)~1+1 (110)
N Tbc 711[1 B Ybe yad’
1. 1 gkw 4(1V)?
P = o\ T oAy U
%

In the above expressions we use the steady-state expres-
sions for ., and py. to obtain simplified expressions for Ky
and Gy:

l TaC
Ky~ —g‘YK‘YwQ,,Qq[T—* + 1:|(Tbc + Tua)

D dc
2y
= gsszQch(Tad + Te) et (112)
y —IiA
K NL* W Q TLZJFI (Tpe + Toa)
o = S8k WS, 8 T, be + Laa
~ W (The + Tog)—Y— (113)
a-a p c y + iA
1 %k 2 4)/2 2
K:aK:s — ﬁgalcagslcsw Iplcm(Tbc+ ’Ezd) s (114)
1 iv
G5 = — —goksW(ToeTuqThe) — —, (115)
D c
1 N N i(v—Av)
Gu =~ _,Z_)gZKaw(ndndTbc) S — (116)
—i2A
(Gs —Gu) = 8stsWTia The, (117)
1
(Gs + Gu) ~ _,Z_)ngndTbc(]}:j + 1) (118)
- gew (119)

(55 + 1)
where we note that

TiTe (P24 A%
(T + Tae) 2y

’

and D ~ (y* + AT Tie + 2y 1(Toa + Tie)-

V. PAIRED CORRELATIONS

From the solutions S(z,,v)=38"+8" Az v)=
AP + A" we have developed a code to compute all the
following pairs:  (S'(z5, 1)S(z, V), (S(zy, 1)ST (25, 1)),
(AT zar V) Aar v))s (A VAT (20 V), (AGas IS G5 V),

(S‘ (25, V) A(zq, V)) needed to  obtain  correlations
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Correlations and intensities for forward and backward are essentially the same

FIG. 2. Effects of propagation length for Raman-EIT scheme: (a) Spectra of linear (n = 1) and third-order (n = 3) susceptibilities x}"),

(b) correlation spectra ®(v), ¥(v), X(v), A(v), (c) Cauchy Schwarz correlation of anti-Stokes to Stokes af(r), (d) two-mode squeezing S,,
and (e) intensities I;(zs) for Stokes (f = s) at z; = L and anti-Stokes (f = s) at z, = 0 vs propagation length L. At z, = z; = 0.5L [similar to
panels (c)—(e)] we plot (f) ggf (1), () Sus» (h) Is(zy) vs propagation length L to show the effect of spatial correlations. For normalization, we
use I' =27 x 5.89 x 10%, L, = ¢/wae, Wae = 27r¢/(795 nm).
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FIG. 3. Effects of propagation length for Raman resonant doublet (RRD) scheme. For backward case: (a) Spectra of linear (n = 1) and third

order (n = 3) susceptibilities X}")

, (b) correlation spectra ®(v), W(v), £(v), A(v), (c) Cauchy Schwarz correlation of anti-Stokes to Stokes

£55(1), (d) two-mode squeezing S,, and (e) intensities /, +(z¢) for Stokes (f = s) at z, = L and anti-Stokes (f = s) at z, = 0 vs propagation
length L. Similarly, for forward case: (e) Cauchy Schwarz correlation of anti-Stokes to Stokes ggf (1), (f) two-mode squeezing S, and (g)

intensities ¢ (zy).
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functions
GP(v) = (Ef (25, DE] (zuy t + DEulza t + T)E (25, 1))
(120)
= ﬁ(ST(ZM I)A\T(Zar t+ T)A(Zav t+ T)S(st t))
lgs1°1gal
_ 1
FARIAL

y [ AP (24, )82 (20)) + (A" (20 T)S (2 ) ]
+ (1220 0)+ I zas O)][ 1025, 0)+ 17 (25, 0)] 1

(121)

GP)(r) = & [|1f(Zf,t)+1f(zf,t)|
+ [1;'<zf, 0)+ Iz, W], (122)
with  f =s,a. The expressions (in time domain)
(A®(zq, TS (2)), (89(zs, 1A (20)), [P(z5,7) =

(89(25, 89 (2))s 19 (za: T) = (A°(z4, TIAO(20) for © = b
(boundary terms), n (noise terms) are given in Appendixes
E and F, respectively. The terms (3 (zs, v)flT (24, V)),
(AT (20, V)S (2 V), (S2(z, V), (AP(24, V) are zero due
to thermal photons.

We also compute the normalized correlations

GO (1)

()= —=u (123)
G2 (0)GR(0)
Oy = G2 @ NN + {Bila(r)
“ GG (0) 2(N,) (N,,) ’
(124)
(2)() G(z)(f)
G ()G (0)

a0y + )ajt + Dap)) — (@) (as ()
(ah (s )

’

(125)
|

Var(lv.v(t) - Na(t +1)) o

(1) = Na(t + 0))") = {(N;(0))

(NF) - ) o
2 (N

<2>(0) +1, (126)

(Ny)

where  Ny(1) = aj(a;(), Q= (AN})/(Ny) — 1 =
NP0 = 1), GH() =GP pams,  I(T) =
|gf|2G§3>(r), and Gf”(O) (Ef(t)E;(1)) is assumed to
be the same as (Ejl(t + ©)Ef(t + 7)) for the steady-state
scenario. To relate Nf(t) and E}(t)ﬁf(t) we have used
%280(12}(;)Ef(r)>v =hvy(Np). We get the
(Np) =1Ir/cy and

2
GO (x) = (F’—Z”V”) (R ()N,),
0

hv ml
o=t (57) =/ (%)

and V = Al is the quantization volume. Typically ]\7f ~ 1
s0 £V (E[(1)Ef (1)) ~ hvy. Using (E[()E; (1)) ~ yCy/lgsI%,

relations

where

f ]
Cr = 2helgsl ek v ~ hvy and finally [Zy ~ 1,
l~c/my.

The power of the quantum field is P =dU/dt =
sl [(EJOE;0)aV = eoAE(DE;(D)c.

The evaluatlon of the correlation functions make use of
the paired correlations of the boundary operators and noise
operators as detailed in Appendixes E and F, respectively.

Squeezing

We expect that the noise of the Stokes and anti-Stokes are
somewhat correlated, therefore the quantity (N, — N,,) would
be of interest for noise reduction via relative photon number
detection, such as in quantum interferometry. The investiga-
tion of squeezing is relevant in the context of the quantum
light spectroscopy, as broadly discussed in Ref. [28]. Thus, we
analyze the normalized two-mode relative intensity variance
to detect any sign of nonclassicality, i.e., two-mode squeezing,

— (N, + )Y

Sas(f) =

(127a)

(N()) + (Nt + 1)) (Ny()) + (Nu(t + 1))
_ N2+ N3(0) — (NNu(0) — Na(DN,) — (V) 2 (R0 + 208 (R (1)) (1275)
(Ny) + (N,(7))
- . P o
_ (AND) + (ANZ(T)) — ¢ iN( ) = Wa(ON,) +2() (Nu(1)). 1270

(Ny) 4 (Na(1))

Using [€] (1), Na(0)] = ¢, [Nu(2), & ()] = ¢*

(NN (1)) = (ELOEME](t + T)E(t + 1)) = (E]{E]t + DE + DEW) — ) = &) — (£l ()™,
(No(DNy) = (E1(t + TE + TE ME)) = ({E]EL(t + TEt + 1) — c}E(1)) = G — (c&(1)),
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where (c&(t)) +

(&, f(¢)c*) must be a real number and assume to be small in value, so (N,N, (7)) and (N,(t)N,) approximate the

normal order. We rewrite in terms of the correlations (126) g(z)(O) and (124) g(z)(r)

A~

(AR2) + [ARZ) — (5,

S..() = f(f» — (Na(0)N,) + 2<Ns><Na>’ (128)
(V) + (VL)
@) @) VA Y PYe) AY
- [820) — 1} + (g (0) }<1Ya> 2{g () — THN)(N, )7 (129)
(M) + (V)
20) — 1 @(0) — 1}()? = 2(g@ LIy
L PO (0 - () - 20 - () 0

which shows nonclassical squeezing when anti-Stokes is cor-
related to Stokes (i.e., g(zs) is large) and not otherwise. We
will see (in Fig. 2) that the REIT scheme that gives large
nonclassical correlations also gives large intensity squeezing,
particularly at T =~ Q;l For the coherent state, Var(N,(r) —
Na()) = (AN7) + (ANZ) = (N;) + (N,) means Sq(7) = 1
and (N,N,) = (N,)(N,) are uncorrelated.

Written in terms of Mandel’s parameters Qf =
1= (Np)lgy ) — 1,

(AN7)
(Ny)

V ) @)
S, =1+ Oy (Ns) + Qu{N, )A (g5 (v) 1)2( >< )7
(Ny) + (N,)
(131)

which shows squeezing, i.e., S;s < 1 when the photons are
sub-Poissonian Q;, < 1 and/or highly correlated g2 > 1.If
(Ny) = (N,,) we have

- 20 20
Sy =1+ (N)(# (2S)(T)>7
so the necessary for nonclassicality or squeezing is g2 (1) >

(2)
0).
g (
Below we discuss the subtle difference between antibunch-
ing and sub-Poissonian based on the definitions of g(fz)(O), Oy
and antibunching

(: AN? 2) = (@b )a)(as@))as(0)) — (N )

= <ANf) — (Ny)

- <1\7f>2{g§3>(0) —1} = (¥))Q; < 0. (132)

Sub-Poissonian means Qy < 0 or (: A]V2 ) < 0 (negative
values) or g( )(0) < 1. Although antlbunchmg means, by defi-
nition, g(z)(O) < g(z)(r > () the situation where g(z)(O) Ois
c0n51dered as antibunching since 1t 1s essentially'a minimum
value and would satisfy gf>(0) < gf (r > 0).

Note that g(z)(O) ~ (0 (antibunching) obviously also

means sub-Poissonian Q; ~ —(N r), although the reverse is
not always true, i.e., sub-Poissonian may not necessarily
mean antibunching (but can be accompanied by bunching).
In any case, one can safely mention sub-Poissonian
when (: AN]% :) is negative and only say antibunching when

(- AN2 ) = (W),

(2)+

VI. RESULTS

Based on the semi-analytical expressions above we have
computed the spectra of linear X;l)(v) and nonlinear X(S)(v)
susceptibilities, spectra of correlations ®(v), W(v), X(v),
A(v), power or intensity of Stokes and anti-Stokes Iy(t =
0), normalized photon correlations g)(t), Cauchy-Schwarz
correlation gaf(t) and relative intensity squeezing S,(T)
versus time delay for several cases of laser fields: Raman-
EIT (REIT), Raman resonant doublet (RR, and Raman
off-resonant doublet (ROD). The default detunings and Rabi
frequencies used in the figures are

(@) REIT: A, = —25v4, A =0, Qp =25V, Q=

10¥ac, with 7 ¥ec = 57— = {5 .
(b) RRD: AP_O, A =0, Q,=Qc=>5y,, Wwith
TpVYac = m =3
(c) ROD: A, = —20;/4,(, Ac = =20Vuc, p = Qe = 5Vac,

72 21-1/2 _ =@
With T ae = Tyl (37 + Q21712 = I

The 7, refers to the period of oscillations in the g(2)(r) We
have used same detuning for each Raman transition 6; = A,
8« = A,, number density N = 8 x 10'” m~* of Rb-87 and
radius r = 100 um. To normalize the axes of time, frequency
and length, we use ' = 27 x 5.89 x 108, L, = C/Wacr Wae =
2mc/(795 nm). To compute the total spectrum, we add the
contributions of boundary and noise terms Z(v) = Z/ (v) +
Z"(v), where Z € &, W, ¥, A are given in Appendixes E
and F.

A. Effects of propagation length

For REIT (Fig. 2), the nonlinear spectra for Stokes and
anti-Stokes are surprisingly identical x® = x®, as shown
in Fig. 2(a). The x{! shows four resonances corresponding
to loss at v — w,. = £, and gain at |A | &= Q.. The peaks
in the noise correlation spectra @ of Fig. 2(b) correspond
to the two central peaks of x) in Fig. 2(a). The W noise
correlation shows three peaks corresponding to the peaks
of xV. The two central peaks in spectra S(v) and A(v)
correspond to gain as shown in Fig. 2(b). The correlation
spectra tell a lot about the dependency on time delay as they
are related by Fourier transform. Note that X(v), A(v) are
real.

For backward(zy = L and z, = 0), the photon correlation
g5 shown in Fig. 2(c) between Stokes and anti-Stokes fields
oscillate with T but decays rapidly with L, implying the loss
of interference effect and reduced correlation time are due
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to the many-particle effect as the size of medium increases.
Although the oscillations (side lobes due to interference) in
g% as well as g2 vanish as L increases, the main peak is
essentially constant.

Nonclassical squeezing shown by the dip of S, at 7, in
Fig. 2(d), corresponds to indistinguishability and maximum
quantum correlations. Since g2 (t) > g¥(r) and g!?)(7) for
the REIT case, the shape of S(t) is identical to g%)(7) ex-
cept that it is inverted. The Stokes and anti-Stokes intensities
are essentially the same [Fig. 2(e)], [,(L,t =0) =L, (L, T =
0) due the cross-coupling nature of the propagation, even
though the Stokes is largely detuned while the anti-Stokes is
resonant.

For the backward case the correlation &3 at the same point
in the midway z; = z, = 0.5L shows a similar qualitative
dependence. As L increases, the correlation peaks [Fig. 2(f)]
increase with L from maximum peak value of around unity
to some saturated values while maintaining the features of
complete antibunching and oscillations. In the two-mode
squeezing [Fig. 2(g)] there is a significant dip (S, < 1) at
delay t,, which show nonclassicality that coincides with the
first peak of g!?)(r). However, quantitatively, the dip is only
to 0.88, which can be said to essentially represent classical
correlation regime. We therefore noted that quantum correla-
tions is not fully developed in the middle of the sample at L/2,
i.e., the value for g€5 is smaller than the former case, while
I,(L, 0) and I,(L, 0) are noticeably different due to asymmetry
[Fig. 2(h)].

The situation is differently more interesting for RRD
(Fig. 3) where the two lasers are on resonant, specifically in
the case of backward geometry. The spectra for Stokes and
anti-Stokes show the characteristic x{'* = — {1 due to
symmetry of the two Raman transitions in RRD scheme with
three strong resonances composed of a mixture of absorption
and gain at v — w,. = 0, £[2, + .|, as shown in Fig. 3(a),
corresponding to the three (Mollow) peaks in the noise spec-
tra [Fig. 3(b)]. However, for large L the central peak close
to v — w,e ~ 0 becomes dominant. The correlation in RRD
scheme [Fig. 3(c)] is essentially classical due to the small
value of g§5(t) with antibunching and oscillations appearing
only for small L. As L increases, g53(0) oscillates between
0 (antibunching) and 1 (coherent). The squeezing also varies
in a similar fashion as L increases but it is entirely classical
[(Fig. 3(d)]. The periodic points L, where bunching occurs
correspond to high-intensity resonant peaks of I(L,,0) =
I,(L,, 0) in Fig. 3(e) that satisfy the analytical formula (107)
we have obtained, recast as

_ 4(1V)?
L <y2+A2+2y1V)tan ]<_‘/V2+A2 —1>+mn

ygr|w|

The plot of L, vs detuning A, (with A. =0) and Rabi Q,
(with Q. = ,, or 5y,; Fig. 10). shows very small resonance
length is needed to achieve resonance with weak fields €2, ~
Yac at discrete values of detuning.

For RRD with forward geometry, the oscillations in the
correlation vanish [Fig. 3(f)] and the photons become classical
(coherent state) as L increases. However, there is nonclassical
squeezing [Fig. 3(g)] where S,; reaches a saturation level

at moderate negative values as L increases. The contrasting
results show that propagation effect can render one quantity
classical yet and another quantity nonclassical. This allows
for spatial control of quantum correlation given the desired
quantity. The intensity I ,(L) grows exponential-like with L
for forward RRD [Fig. 3(h)] due to the large gain but satura-
tion is not shown as it is presently not included in our model.

For ROD, the spectra for Stokes and anti-Stokes for nonlin-
ear and linear susceptibilities are symmetric x* = x{® and
antisymmetric x V(v — wue) = —x (w4 — v), respectively,
as shown in Fig. 4(a). The linear susceptibilities clearly show
a single peak shifted by the large detuning |A,| but in op-
posite manner. The noise spectra [Fig. 4(b)] display single
dominant peak around v — w,. = 0. The correlation is small
[Fig. 4(c)], with the oscillations being washed out at larger
L for both forward and backward cases. The nonclassical
squeezing (S, < 1) at delay 1, increases log-like with L
[Fig. 4(d)]. This behavior is much like the case of RRD.

For backward case with z;, = z, = 0.5L, we have different
feature in the correlation [Fig. 4(f)], which increases with
7 while oscillating (but eroded as L increases), while the
squeezing [Fig. 4(g)] is entirely classical for any propagation
length. The intensities of quantum fields grow linearly with
length [Fig. 4(h)], indicating noncooperative effect of the off-
resonant scheme.

B. Effects of pump- and control-laser detunings

The results of both forward and backward geometries are
essentially the same for REIT and ROD schemes, even for
large L. The effects of backward propagation is only sig-
nificant for RRD scheme with sufficiently large L, i.e., 5 X
103 /k,, where interesting resonant features are found. While
the spectra vary depending on the sign of A, and A, the
correlations and squeezing depend on just the magnitudes,
|A,| and |A.|. For forward case (not shown), we find the
correlation spectra show no qualitative difference (only small
quantitative difference) are totally unaffected compared with
the backward case. This robustness against laser geometry
is an interesting and surprising characteristic of the REIT
scheme.

1. Spectra of susceptibilities

We have plotted the susceptibilities versus detunings for
different pump and control Rabi frequencies in Fig. 5.

Only at A, = 0 and large A, the spectral lines of the linear
susceptibilities [in Figs. 5(a) and 5(d)] show symmetric EIT
absorption peaks at around w,. & €2, as they correspond to the
Raman-EIT case, the region that produces highly correlated
photon pairs.

The symmetric EIT peaks at resonance A, =0 in x\"
[Fig. 5(a)] become increasingly asymmetric, shifted, and
separated as A, increases. Figures 5(b), the strong off-
resonant anti-Stokes Raman enhances the EIT peaks in x ("
due to the weak pump laser 2, = 2.5y, in the resonant
Stokes Raman transition. The separation between the EIG
(gain) peaks and the EIT (absorption) peaks in x{! widens
with increasing A.. In Fig. 5(c) shows closely spaced (due
to weak pump) EIT peaks in x{" when A, = 0 with one of
the peaks diminishing while shifted with the pump frequency.
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Results for FORWARD and BACKWARD are essentially the same

FIG. 4. Effects of propagation length for Raman off-resonant doublet (ROD) scheme: (a) Spectra of linear (n = 1) and third-order (n = 3)
susceptibilities x ;”), (b) correlation spectra ®(v), W(v), X(v), A(v), (c) Cauchy Schwarz correlation of anti-Stokes to Stokes ggf (1), (d) two-
mode squeezing S, and (e) intensities I(z5) for Stokes (f = s) at z; = L and anti-Stokes (f = s) at z, = 0 vs propagation length L. Similar to

panels (c)—(e) but at z, = z; = 0.5L we plot (f) g‘ajf (1), (8) Sy, (h) Ir(zy) vs propagation length L to show the effect of spatial correlations.
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FIG. 5. Linear susceptibilities Xs(,la) versus A with (a), (¢) Ay = =25V, and (b), (d) A, = 0 for different pump and control Rabi

frequencies Q, = 2.5V,c, Q¢ = 10y,

The off-resonant Stokes Raman enhances the asymmetrical
peaks in x!! (due to strong off-resonant anti-Stokes tran-
sition). In Fig. 5(d) we have gain peaks in x(! that are
diminishing and transforming into absorption peaks as A,
increases.

The spectra of x® and x> are identical for any |A )|
if one of the detunings is fixed at A.(,) = —25y,. [Figs. 6(a)
and 6(c)], but they are identical only for large | A ()| if one of
the lasers is resonant A,y = 0 [Figs. 6(b) and 6(d)]. When

A, and A, are close to Oy, the spectra are antisymmetric
xI ~ —x (I3 [Figs. 5(b), 5(d) and 6(b), 6(d)]. These
features are the same even if the pump and control Rabi
frequencies are the same.

2. Correlations and squeezing

While the reverse correlation g5 remains essentially clas-
sical, below unity [Fig. 7(a)], the correlation g5 is still
nonclassical but the (side lobes) oscillations are washed out
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Third order susceptibilities
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FIG. 6. Third-order susceptibilities Xs(,3a) versus Ay with (a), (¢) Ay = =25y, and (b), (d) A,y = 0 for different pump and control

Rabi frequencies 2, = 2.5V,c, Q¢ = 10y4.

[Fig. 7(b)] after a finite propagation length. These correlations
and the two mode squeezing S, [Fig. 7(c)] are not much
affected by A.. This is consistent with the corresponding
correlation spectra, ®(v), ¥(v), X(v), A(v) that vary more
significantly with detunings A, than A.(not shown). Surpris-
ingly, the intensities /;(t = 0) increase [Fig. 7(d)] as |A.|
increases. This can be explained as matching of the value
of detuning with |A | = 25y,.. However, if we increase |A |
instead, the oscillations in g&5 and g% for small |A | would
disappear [Fig. 7(e)] and the nonclassicality in g&° contin-
ues to increase (typical Raman-EIT characteristic) [Fig. 7(f)]
although the photon numbers Iy(tr = 0) for the Stokes and
anti-Stokes drop, as expected.

Two mode squeezing S, is classical for S,(0) > 1 and
shows nonclassical squeezing mainly at time delay 7, <
1/2.5y4 when |A,| 2 2y, [Fig. 7(g)]. Here, the intensities
Ir(r = 0) are still large [Fig. 7(h)] as the detuning is close to
the matching value of |A.| = 0, but drop as |A,| increases.
The lack of nonclassical squeezing here is because the length
here is k,L = 5 x 10°, much greater than the small resonant
length (k,L, ~ 10%) for the Raman EIT regime (large A,
small €2,,), according to Fig. 10.

In Fig. 8, we use RRD parameters 2, = 2, = 5y, with
resonant A,, A, =0 by default. Specifically, first, we vary

|Ap|. The correlations gfas [Fig. 8(a)(1)] and ggss [Fig. 8(b)(1)]
are small, they are equal due to symmetry only when
A, = 0. The normalized correlations g2, g2 [Figs. 8(a)(ii)
and 8(b)(ii)] only show a quantitative difference from the
Cauchy-Schwarz correlations. We have large nonclassical S,
[Fig. 8(c)], but only for backward case, at around A, =
Q, + Q. =10y, (A. =0) we have the double-resonance
dips (down to negative values) with the corresponding peak
output power of anti-Stokes (I,) at 50% of the Stokes (Ij)
[Fig. 8(d)]. Similar single resonance occurs at A, = 13.4y,,
and the peaks agree exactly with Fig. 10(b)(iii). The “zoom-in
panels” (with red borders) reveal more details at A, ~ 10y,
and ~13.4y,., each of the narrow peaks has a hole-burning
effect. At these detunings, we have interesting effects, i.e., the
ridges in g3, &5 show persistent photon correlations for any
time delay t and the oscillations across 7 are suppressed. The
separation between the resonant peaks in A, increases from
3.3y to 12.75y,,. as we reduce the Rabi frequency from 5y,
to 4.

However, if we vary A instead of A, we find that the dips
in S, become large positive peaks while the correlations and
intensities g5, 55, I, I, remain identical, with the Stokes and
anti-Stokes indices interchanged.
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FIG. 7. Effects of laser detuning for asymmetric Raman scheme (different Rabi frequencies, default parameters follow Raman-EIT A, =
—25Y4es Ae = 0, Q, = 2.5y, Q. = 10y,,) for backward geometry with L/L, = 5 x 10°. We only show backward case since results for the
forward case are essentially the same. Effects of control laser detuning A, on: (a) Cauchy Schwarz correlation of Stokes to anti-Stokes g&5(7),
(b) anti-Stokes to Stokes g53(7), (c) two-mode squeezing S, and (d) intensities / +(z5) for Stokes (f = s) and anti-Stokes (f = a). Similarly
we plot the effects of pump-laser detuning A, for backward geometry in panels (e)—(h).

When dips become peaks in S, (which is like a noise
figure), the noise above the shot noise limit can be another
state which is nonsqueezed, just like the antibunching (dip)
can become a bunching (peak) in g{2). While both g% and S,;
represent fourth-order correlations, their normalization and
their physics are different. The statistics of S,; can change
dramatically while g remains the same with the change
of the detuning from A, to A.. This is because S, is very
sensitive to this resonance structure than g2,

For the forward case, those resonances do not appear and
we have squeezing (very small) only when A, is close to zero.
The plots for S,; vs A, are generally different from Sg; vs A,
but they are only identical around zero detunings. For forward
case, ggf shows increasing nonclassicality [Figs. 8(e) and 8(f)]
but S,; becomes more classical [Fig. 8(g)] and the intensities
drop [Fig. 8(h)] as the detuning |A,| goes to a larger value
(or |A,| goes to zero). This behavior is essentially towards the
REIT scheme.

Our analysis reveal the symmetric properties: g&5, g55,
I(t =0), L(t =0), (), ¥(v), Z(v), A(v) versus A, for
forward (backward) geometry are identical to 57, 55, I,(t =
0), I(t =0), ¥(v), D(v), A(v), Z(v) versus A, for forward
(backward) geometry, respectively.

For ROD parameters 2, = Q. = 5y, with large detuning
A, = —20y,. and varying |A.|, or A, = =20y, varying |A |
(Fig. 9), the spectra of x(¥ and x* are identical as we vary
both A, and A.. However, x! ~ —x{D when A, and A,
are close to each other (i.e., around —20y,.) since ROD is
symmetric for Stokes and anti-Stokes. The above observations
are similar to the RRD case.

The g5 [Figs. 9(a) and 9(e)], g5° [Figs. 9(b) and 9(f)] and
Sas [Figs. 9(c) and 9(g)] are different for forward and back-
ward cases. They show classicality for all values of detuning
|A,| and time delay 7. However, g5° and S, show some
nonclassicality as the detuning |A.| goes to zero, which is
essentially towards the REIT characteristics. The time delay
of nonclassicality for g5 (large peak) and S, < 1 always
coincide. Similar to RRD, g%5, &5, I.(t = 0), L,(x = 0),
®(v), W(v), X(v), A(v) versus A, for forward (backward)
geometry are identical to gfas, ggf IL,(t =0), L(t =0), ¥(v),
d(v), A(v), (v) versus A, for forward (backward) ge-
ometry, respectively. This is due to the symmetry of the
ROD scheme. However, the squeezing S, vs A, A, forward
[Figs. 9(e)-9(h)] and backward are all different. While both
Stokes and anti-Stokes intensities drop with A, [Fig. 9(d)] in
the backward case, the anti-Stokes intensity rises with A after
reaching a minimum value at A, = 7.5y, [Fig. 9(h)].

C. Resonances vs laser parameters

For a set of laser parameters there exists a resonant
length L, that gives large Stokes and anti-Stokes photons
and nonclassical intensity squeezing. Based on Eq. (107)
we can now know how the resonant length changes with
detuning A, . and Rabi frequency €2, .. Figure 10(a) shows
that, in general, for large €2, or €. and small A, (A, =0)
we need larger L, but the situation is different otherwise
(Ap = A,). Very small L, is needed for small 2, >~ 2y,
with certain discrete detunings A, only if the control laser is
resonant(A. = 0).
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FIG. 8. Effects of varying pump-laser detuning A, with symmetric default parameters of Raman resonant doublet (RRD) scheme A, =
A. =0, Q, = Q. = 5y, For backward geometry: (a) Cauchy Schwarz and normalized correlations of Stokes to anti-Stokes g55(7), g2 (1),
(b) anti-Stokes to Stokes g55(z), g2 (1), (c) two-mode squeezing S,,, and (d) intensities /;(z,) for Stokes (f = s) and anti-Stokes (f = a) for
L/L, =5 x 103. The plots within red borders (b.i.I), (c.i.I), (d.i.I), (b.i.IL), (c.i.Il), (d.i.II) are zoom-in around the resonant peaks. Similar plots
vs A, for forward geometry in panels (e)—(h). The results are the same as varying A, and setting A, = 0 due to symmetry of the RRD scheme.
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—20¥4¢, Q) = Q¢ = 5Y,. For backward geometry: (a) Cauchy Schwarz and normalized correlations of Stokes to anti-Stokes g55(7), g (1),
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with L/L, = 5 x 103. Similarly, for forward geometry in (e)—(h). The results are the same as varying A » (with A, = —20y,.) instead, due to
symmetry of ROD scheme.
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FIG. 10. Resonant effects of quantities versus pump detunings A, (A, = 0) and Rabi frequency: (i) 2, (2. = Syuc), (i) Q¢ (2 = 5Vac),
and (iii) 2. = €2,, (a) Resonant propagation length L, according to Eq. (107) for zeroth order, m = 0 (k, = w,./c) [red arrows plateau without
resonance, red cross in (iii) corresponds to the first peak in Fig. 3(e)], (b) log of relative squeezing, log,, S, showing nonclassical regions
(negative values) corresponding to the resonant peaks in panel, (c) log of Stokes photon number, log,, N;.

We have also plotted [in Fig. 10(b)] sgnln|S,| (where
sgn is the sign of S, — 1 that determines nonclassicality)
and [; (L, T =0) vs A, (A, =0) and vs (i) 2, (¢ = 5Vac),
(i1) Q¢ (2, = 5¥4c), and (iii) 2. = 2,. We have nonclassical
squeezing (S,; < 1) only when A, varies (A, = 0). Parabolic
contour indicates that squeezing happens at two values A,
only when Q¢ < 5y, i.e., for both €, = 5y, and Q. = Q,,.
The red line intersects the nonclassical (dip) region exactly at
A, = 10y, and 13.4y,. as depicted in Fig. 8(d).

We have computed the possible nine scenarios below.

(@)

(1) A, (Ac = 0): 2, (2 = 5Y4c), Raman EIT for large A,
small £2,,;

(i) Ap (A =0): Q¢ (2, = 5Vac), Raman EIT for large
Ay, Q0

(iii) A, (A = 0): Q. = Q,, RRD for A, = 0;

(b)

() Ac (Ap =0): 2, (2 = 5Y4c), reverse Raman EIT for
large A, large Q2),;

(i) Ac (A, = 0): Q¢ (2, = 5Yac), opp a i) reverse Raman
EIT for large A, small ©;

(iii) Ac (A, = 0): Q. = Q,, RRD for A, = 0;

(©

(1) Ac = Ap: Qp (R2¢ = 5Y4c), asymmetric Raman;

(i1)) Ay = Ap: Q¢ (2, = 5)4), asymmetric Raman;

(iii) A, = A, Q¢ = Qp, ROD for large Ac = A, and
RRD for Ac = A, =0.

Only cases in (a) show nonclassical squeezing. We verify
that (b)(i), (b)(ii), and (b)(iii) are the same as (a)(ii), (a)(i),
and (a)(iii), respectively, due to symmetry except their S, are
positive (classical).

VII. DISCUSSIONS
A. Main findings

The results here go beyond the nontrivial general analyt-
ical solutions of the quantum fields at any point inside the
coherent medium with noise operators self-consistently and
properly included. Analytical solutions of all four possible
cases of co- and counterpropagating geometries are presented
in an elegant and holistic manner, not available in previous
publications. Our full quantum formalism with analytical re-
sults lead to three-dimensional (3D) plots of various limiting
Raman schemes that provide more comprehensive picture and
insightful illustration of the effects of co- and counterprop-
agating geometries and laser parameters on the quantities of
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interest, especially the nonclassical properties. Results for
Cases 2A and 2B are qualitatively the same for backward ge-
ometry. We learn that quantum correlations between photons
at any two points inside the coherent medium are smaller than
between the ends of the medium, as shown in Figs. 2(f) and
4(f).

Thorough critical analysis and observations lead to dis-
covery of many new features. Most striking are the resonant
length condition and laser parameters (detuning) that give
large quantum fields, nonclassical correlations and relative in-
tensity squeezing for backward geometry, as shown in Figs. 3,
8, 10. The backward geometry has significant effects on the
nonclassicality of two-photon correlations and the intensity
squeezing properties particularly when the lasers are resonant.
One important finding is that persistent correlation over very
long delay t exists only under certain conditions associated
with resonance.

Detuning either the pump or the control laser determines
whether we have classical or nonclassical intensity difference
squeezing S, in the case of backward propagation, since it
determines whether anti-Stokes is correlated to Stokes or oth-
erwise. The results of intensity difference squeezing are useful
and relevant to future works involving noise-free detection of
Raman photons.

When one of the lasers makes resonant Raman transition
with certain propagation lengths the backward-propagating
photons show interesting new resonant features as very high
intensity I; , and large nonclassical squeezing S, (provided
Qp, Q¢ S S5¥u ) at two detunings whose separation decreases
with €, as shown in Fig. 10. This analysis is operationally
useful, providing the optimal laser parameters and optimal
propagation length to generate nonclassical squeezing.

The complex susceptibilities (Fig. 5) of double Raman
scheme show the rich physics in the aspects of symmetries
and laser control parameters. Clearer symmetrical properties
can be seen in the spectra of the susceptibilities (Figs. 2—4),
ie, x® = x3 for REIT and ROD, x!'¥ = — {3 antisym-
metric for RRD.

B. Quantum memory

Although our theory and solutions are not valid for pulses
typically used in quantum memory, the cw pump and control
lasers scenario (that serves as a clean reference case) makes
extensive analytical solutions possible. The analytical solu-
tions of the field operators obtained here provide insights on
the structure of the solutions for the controllable quantum
fields and the simulated results have helped in understanding
the effects of counterpropagating geometry on the photon
correlations and the spectral content of the quantum fields.
This serves as an important reference and foundation for
further understanding of nonclassical properties of correlated
photons in transient studies of quantum fields when extending
to pulsed lasers and pulsed input in actual quantum memory.

Our present Heisenberg-Langevin formulation is fully
quantum that includes quantum noise in a correct and self-
consistent manner that would be the appropriate theory
to describe the quantum noise performance of the time-
dependent quantum fields in quantum memory. The present
formulation can also compute other performance parameters

of quantum memory such as efficiency and fidelity by com-
bining numerical approach with analytical solutions under
certain approximations. The theory can be adopted to study
enhanced counterpropagating fields inside a cavity [33] and
atomic motion averaging technique [34] that were able to
circumvent atomic motion problem at room temperature for
achieving scalable and broadband Raman quantum memory
with higher efficiency.

C. Phase matching in higher dimensions

A spatial propagation in higher dimensions [two dimen-
sions (2D) or 3D] is needed to fully account for phase
matching of the FWM wave vectors, i.e., to include the trans-
verse directions (x and y). This is beyond the present scope
where we consider only 1D propagation, i.e., all wave vectors
are along z direction. The phase-matching condition arises
because of the different refractive indexes or linear dispersions
for the nondegenerate FWM where the two lasers and the two
quantum fields have different carrier frequencies. While per-
fect phase matching condition is needed to obtain maximum
FWM signal, this is not always critically necessary while it
is possible to adjust the transitions such that the refractive
indexes do not change much across the frequencies of all the
four fields.

For noncollinear lasers, such as lasers crossed at a
small angle [35], the transverse components (¢ = x,y) of
the wave vectors are finite and give rise to transverse
phase matching condition (Akjs)e = (k,+k.—k;—k,)e,
in addition to the (axial) phase matching of the z-
component wave vectors: (Akiy) = (kp, + ke — ks — k,) =
0, (Akip) = (_kp —ke+ ks +ki) =0, (Akpy) = (kp — ke —
kg +k,) =0, (Akop) = (kp —ke+ki—ky) =0 as given in
earlier section for our 1D propagation.

The small angle between the lasers is used in seeded
experiment for convenience, where phase matching can be
controlled by the input fields. It does not change our results of
propagation length dependence too much as the z-component
wave vectors are only slightly less than the wave vectors
of perfectly collinear case while the radial and transverse
component wave vectors are much smaller. The interaction
length can be adjusted by balancing the laser beam width
and the small angle between the two lasers. Alternatively
one can adopt the fully collinear geometry and use prisms to
separate different wavelengths. For nonseeded (spontaneously
generated FWM) this is not a problem as we can place the
detectors anywhere.

D. Doppler effect

The atomic center of mass motion effect is related to the
“velocity-selective coherent population trapping” effect and
requires the inclusion of Doppler and recoil shifts. Perfect
phase matching is achieved only at certain velocity class
of atoms. The Doppler effect can be included by adding
the Doppler frequency shift k;-u =k;u (for the jth field in
1D case) to the photon frequencies v; —k;-u in the de-
tunings A; = v — Wap, 8q = Vg — Wac, Ap = Vp — Wge, 8 =
vy — wgp and the quantized electric fields is the sum over all
velocities u in the Maxwell-Boltzmann distribution. For 1D,
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the polarization has to be averaged over all velocities with
a normalized weight function P(u) = /m/ (nkBT)e"”“z/k“T
that depends on temperature 7. For example,

19 0\, , ©
19 9\ = gk, / PGz, 1 0)du. (133)
c ot 0z —00

Due to the integral, the numerous analytical expressions
obtained above would not be possible unless we regard S(z, t)
as S(u, z, t) the field associated with a particular value of u,
where the total field is 8(z, 1) = [°0 Pw)S(u, z, t)du.

The spectra of the parameters in the parametric equa-
tion are expected to be smeared out by the Doppler effect
depending on the width of P(u) and this would cause the effi-
ciency to drop, physically the resonant peaks are randomized
or dispersed by Doppler broadening of the atomic gas.

Zhou et al. [35] obtained higher efficiency FWM by using
counterpropagating control lasers. The scheme is different
from our double Raman. Their phase-matching condition
k, — 2k. + k. = 0 (k, = —zk, due to reflection) can be con-
nected to our counterpropagating double Raman [Case 2A
(Akps) = kp — ke — kg + k,] where their control lasers can
take the roles of both our control laser and Stokes photon that
are always antiparallel (k. = k), which is known to be more
efficient than the copropagating case. Further elaboration re-
quires proper formulation and careful analysis (to be reported
in subsequent submission) of the Doppler (and recoil) shift in
phase-matching effects on Raman and FWM efficiency.

E. Hyperfine sublevels

In actual experiments the presence of relevant hyperfine
sublevels depends on the laser polarizations, may extend the
pumping cycle beyond few-level (three or four levels) scheme
in optical pumping, EIT and also influence the efficiency
of Raman parametric oscillations. The polarization of lasers
is important when taking account of the multiplets. Right-
circularly (left-circularly) polarized laser would couple the
diagonal transitions between my at lower level to mp £ 1
(Amp = £1) at higher level. Similarly, linearly polarized
laser connects the vertical transitions with Amp = 0. So there
are several simultaneous Raman transitions during the in-
teractions. Populations can move outside the four levels by
spontaneous emissions into other multiplets (via Amp =0
transitions) with some branching ratios depending on the
dipole transition matrix element and the laser interaction cycle
is not strictly closed. Hence, the efficiency of Raman process
would be lower. In degenerate hyperfine magnetic sublevels
of the states [36] (e.g., F =1 and F =2 in ¥Rb) several
pairs of transitions that are (vertically) diagonally coupled
simultaneously by (linearly) circular polarized laser fields can
have effect on spatial localization through interaction time.
However, the effects of multi-Zeeman-sublevel atoms on EIT
and coherent population trapping (CPT) [37] can be mini-
mized by using strong pumping scheme to maintain close to
ideal three states lambda system. In our case of quasisteady
state only the few sublevels need to be considered that are
coupled in an (almost) closed cycle by the circularly polarized
lasers in lambda configuration.

F. Proposed experiments

For standard forward propagating geometries we propose
an experimental setup similar to those used in Refs. [38].
Furthermore, the theoretical results in Ref. [27] which are
based on a simplified nonpropagating model, while using the
same limiting conditions as in our present work as shown in
Figs. 3(d) and 3(e). These results are confirmed experimen-
tally in Ref. [23] in the hot Rb vapor cell irradiated by a
100 mW Ti:sapphire pump power and weak 20 uW probe
beam mixed in a copropagating geometry at 7 mrad angle
inside a 12 mm long vapor cell containing ®°Rb gas at 113 °C
temperature. We therefore propose to use similar setup for the
D1 line in a counterpropagating geometry with small angle of
the mrad range for the phase-matching control.

Several advantageous properties of counterpropagating ge-
ometry have been mentioned in the introduction, including
intrinsic high efficiency due to internal auto-feedback [39].
However, for thermal atoms, counterpropagating Raman fields
geometry may yield a lower efficiency (depending on atomic
density) since only the fraction of atoms with zero axial veloc-
ity component (along laser direction) with nearly no Doppler
effect are resonantly coupled. In other words, counterpropa-
gating Raman fields are able to selectively excite only atoms
with zero axial velocity into resonances.

One practical advantage of the counterpropagating geome-
try is the greater spatial overlapping of the counterpropagating
fields. The counterpropagating collinear laser beams (need not
cross at an angle) can completely overlapped and discernible
by using polarization control. Thus, the situation of backward
geometry is closer to our theory and the results for forward
geometry are shown for comparison.

G. Laser phase

We emphasize that the pump and control lasers need to
be phase locked, especially when we have Raman transition
involving the lasers and with the quantum fields. Generally
our scheme would have two-photon effective Rabi frequency
Qefr = 2125/ A that may be averaged out to zero if the phases
@; of the two fields or lasers are random (j = 1, 2). Here,
Q2; is the complex single-photon Rabi frequency that includes
the phase ¢'% and A finite single-photon detuning. There are
terms like g_(;)Q 2, g_(f*) Q, or g_(f*)Qc in the coefficients K,
Gy and the F r noise operators of the parametric equations (38)
and (39) that require stable relative phase between the lasers
and with the fields. The phase locking is also necessary
when phase-sensitive detection is used, such as the case of
interferometric (home-heterodyne) detection, especially in the
measurement of squeezing effect.

H. Relevance

Our work has high relevance to the existing theoretical and
experimental works. The population dynamics in Rb vapor
and susceptibility plotted in Figs. 8 and 10 in Ref. [37] and
also Ref. [40] resembles our susceptibilities shown in Figs. 3
and 4, while using similar method for calculation of propaga-
tion in the context of EIT in A scheme based on Rb levels.

In Ref. [35] a Doppler-free propagation is demonstrated
experimentally in the counterpropagating geometry enhanced
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by the EIT effect in the similar way our result indicate the
propagation effects in the squeezing and gain of the four-
wave mixing. A noise reduction in the spectra of the noise
due to squeezing has been shown in D1 and D2 lines in Rb
vapor [26], where operation has been in the similar parameter
regime as shown in our Figs. 3 and 4.

Most experiments are performed in copropagating ge-
ometry. The counterpropagating we study here has several
important advantages. First, it allows us to control and reduce
the inhomogeneous broadening caused by Doppler effect [41]
enabling detection using counterpropagating geometries in
oxygen lasing. Second, the counterpropagating geometry is
highly relevant for stand-off detection and sensing and air
lasing, which became an important topic over the last decades
in a context of remote sensing applications [42]. Further dis-
cussion of these applications and relevant calculations could
be done in the upcoming works as it is outside of the scope of
the present work.

VIII. CONCLUSIONS

We have studied all possible forward- and backward-
propagating geometries of quantum parametric oscillators
medium with finite length composed of four-level double
Raman system, driven by arbitrary detuning and strength
of the pump and control lasers using the full quantum
Heisenberg-Langevin framework with noise operators. The
coupled parametric oscillator equations yield analytical solu-
tions for the quantum fields that depend on the propagation
length, frequency, and strength of the lasers. Systematic and
comprehensive analysis show how the nonclassical photon

J

correlations and intensity difference squeezing are affected
by the propagation length, the parameters of the lasers and
interaction geometry (forward or backward). Systematic anal-
ysis of limiting Raman schemes with different detuning and
Rabi frequencies provided useful insight on the conditions
for enhancing and controlling nonclassicality. We have dis-
cussed practical aspects that connect our work well with
recent development in low-noise nonclassical light and quan-
tum spectroscopy through the analysis of squeezing. We have
laid out a proper full quantum framework that can be extended
to pulsed regime, particularly useful for the study of quantum
memory with backward geometry. The promising findings
of this study, especially the resonant effects and nonclas-
sicality of two-mode relative intensity squeezing are useful
for quantum metrology and spectroscopy, especially in the
unprecedented levels of high precision, spatial and temporal
resolution through new modes of measurements.

ACKNOWLEDGMENTS

This work is supported by Ministry of Higher Educa-
tion Malaysia (MOHE), under Long-Term Research Grant
Scheme, LRGS/1/2020/UM/01/5/1 and Fundamental Re-
search Grant Scheme, FRGS/1/2020/STG07/UM/01/1.
R.O. thanks Marlan Scully for kind hospitality at TAMU,
Prof. Philip Hemmer and Prof. M. Suhail Zubairy for discus-
sions. K.E.D. is supported by the National Science Foundation
of China (Grant No. 11934011), the Zijiang Endowed Young
Scholar Fund, the East China Normal University, and the
Overseas Expertise Introduction Project for Discipline Inno-
vation (111 Project, Grant No. B12024).

APPENDIX A: HEISENBERG-LANGEVIN EQUATIONS

A

The Heisenberg equation of motion %0 = %[0, H] gives

dt 6aa = l(gaE elkuzﬁac + chiklzﬁab - gZEae lkuzﬁca Q:e_lkLZ Aba) - (Fab + 1-‘ac)oiaa + Faav (Ala)
d . . . o . P R R L

270 = Qe ™ Py + g BT e ™ prg — Q™ puy — g.Ec€™ pap) + Tapbaa + Cavbaa + Fiw, (Alb)
d . oz a A ik s .

EUCC = _I(Qpelkp“pdc + gaEaelkahpac - Q;e lkpzp - gaE e ~ihaz ca) + Facaacl + chadd + ch (AlC)
d ) .

—r0aa = i(Q2pe" uc + 8B pay — Qe pe — &1E] ™" pra) = (Cap + Tae)aa + Faa, (Ald)
d . A . oz a . A R

pra = - ;;;pba + l(gaE e ﬂzpbc + chlku(oybb - Uaa) - gsE.ve YZ Pda ) + eWCtFa;rb (Aza)
d

g Pea = ~Tichea + i((6ec = 6aa)8aba™ + Q€™ pey — Qpe"r e Pag) + € E (A2b)
d o R N i o

Eﬁd’ = _Tbtﬁcb + I(Q* lkwpca + g*E e lkAZ lAUtpcd - gaEaelkﬂzpab - Qpelkpze lAwpdb) +e tvq“bei—, (AZC)
d oza i A ikza ik — i

Epdd = _Tadﬁad + i(QPelkprace vt + gsEselk“p b — guEJ lkaz IAW Q* lktzpbd) +e quth (AZd)
d

prd = —T} Poa + i(2pe™r2e Y pre + g,Ee™ (G — G4a) — Q€™ Paa) + €™ Ef, (A2e)
d R . oz N A N TN

ZrPea = ~TjiPea + 1(Qpe"r (Goc = Gaa) + 8B €™ pop — gubia€’*paa) + " F, (A2f)
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where vop = vy — vg With o, B = p, s, ¢, a and the complex decoherences

Tac = ida + Yacs

Tog = i(Ac — 85) + Vaas
The = i(8a — Ac) + Vies
Tup = 185 + Vav,

Top = iAc + Yab,

Tye = iAp + Vac,

effective decoherence rates y,,,

Yac = %{Fac(zﬁac + 1) + Fub(ﬁub + 1)} + Vadcep,
Vi = HTap(igp + 1) + Cae(iae + 1) + Cap(Giap + 1) + Caciae + D} + y57,
Vbe = %{Fabﬁub + deﬁdb + Facﬁac + chﬁdc} + )/;L.EP,

Vab = HTap@igp + 1) + Taeiae + D) + 7,

dep

(A3a)
(A3b)
(A3c)
(A3d)
(A3e)
(A3f)

(Ada)
(A4b)
(Adc)
(A4d)

where I'y4 are the spontaneous emission rates, fiqps = (¢"#/*" — 1)~! and y,, ;" are the dephasings due to phonons in condensed
phase or atomic collisions in gas. Here, the noise operators Fm,, u, v = a, b, c, d appear self-consistently, whose full expressions

are obtained from quantized radiation fields [32].

APPENDIX B: COEFFICIENTS IN FOURIER FREQUENCY

To include two-photon detuning Av = v, + v, — vy — v, (assuming A, = 84, AV = v, — Vg — W)

—iAvt ~ . N —iAvt
Tac ac = Tac A ac s
e (dt+ )p (dt+ +i v)(pe )

e"AW (E + Tbc)ﬁbc = <E + Tpe + lAV) (ﬁbce_lAw),

(BI)

(B2)

gives T,.(V') = T,e —i(v — Av), T (V') = Tpe —i(v — Av), where V' =v — Av and we use %(Ae‘iA’) = —iAAe 1A 4

e~'2" L A The main coefficients in the susceptibilities are

W, = Nibra = Nipea — Njwiy
W, = Nspac — N3pay — N{wee,
W = Nappa — Napea — Nawily,
Wa = Napae — Napap — Niwe,
Was = {WW, — WW!}/D,

where

QpQ2c[Tua (V) + Tioe (V)]

iQ2lpe — Tac(V)Tpe (V)]

i2p[Ipe + Tac (V) Taa (V)] ’
TacWNTaa W) Tpe (V) + LT (V') + L Taa (v)

LT.aW) + LTy (V') + T (D) Toa (D) Tpe (V)
i Upe + Ty (V)T (V)]
Qe — T (V) Taa ()] ’
QL QI The (V') + Tua (V)]

N =
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where T, (v) =T, —ivand I, = QPQ;, I =QQ5 I, =1, — .

* % * K
Ks8s K.84 K.84 Ks8s

D, =D+ W, + Wa + Wes B6

‘ 0 T 0,00 T 5,00 0 (B6)
Ks8s .. K;gh Kigh  Ke&s ’ ,

—p(1 W L KaBa K8 gy gy, B7

<+Q(v)D T 0,0D""* t 0,0D 00yp MV }> ®D

D= Td*b(v)Tac(v/)Tad(V)Tbc(V,) + (Ip - Ic)2 + Ip{Tac(V,)Tad(V) + Td*b(v)Tbc(v,)} + Ic{Tac(v/)Tbc(V/) + Tdi(V)Tad(V)}
= ad(V)Tbc(V/){Td*b(V) + 5s}{nc(v/) + aa}[l - /SSIBa]- (BS)

The coefficients associated with the noise are

ilbaprTad(V) + ilbchchc(V)

g/ — N/ + K;gj; _Ipclbab + iw?chTbc(V)

- . , B9
0,(v) ~lypePac — W82 T (v) (B9)
1Pdc 2 The (V) + iDap €2 Taa (V) — e Taa (V) Tie (v)
_{ilbchpTad(V) + ipbanTbc(V) + wz}(,iTad(V)Tbc(V)}
Ks8s Ipclbcd - iwgbdQ*Tbc(U)
G=N+ N . 4 , B10
o) LyePpa + 1w QT (v) (B10)
{10623 Toe (V) + iPea 2 Taa () }
and the noise operators
j:ac(% V) eiAkzeikazefiAvtefi(vat)ﬁac
Fua(g,v) ehazel—ve) fr
. =LF]| . . . ; N Bl1
fhc(q’ l)) ezAkze—zkmze—zAvtez(vmz)Fbc ( )
Fralq, v) e kel El
APPENDIX C: ROOTS OF PARAMETRIC EQUATIONS
To find roots of D, we factorize
0() =¢6q—iv/c+ g +iv/c = (g + qx), (C1)
Sa
Q,(MOW) + PyQy (1) + PaQ(v) + R = 6usslq” + X + Y1 = casi(q+q4)(g +q-) = ;(Q +0)Q@+0) (€2
0. —iv/c 0O —iv/c
=§a§s(q+ x p / ><q+ / ) (C3)
O+ = 6yq+ +iv/c, (C4)
X =9+a+7)s/§s+7)a/§av (C5a)
Y =ab +Pb/ss + Pat/5a + R/GuSs, (C5b)
0 = —i(v — Av)/c,c — iAk, (C5c¢)
o = —iv/gec, (C5d)
1 —04+a+P/cs—Pafsa\ . S
ge = 5(9+a+7>_v/gx+7>a/ga>i/< ‘Z/g /5) +§—/caics
(Co)

iNk + gs/gs - ga/ga
2

2
%(—iAk +Ga/Sa+ Gs/ss) £ \/< ) + ?Ka’Cs- (o0))
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For forward,

Pat+Ps+ie

2
5 > — (R +ipP;)

1
Qi=4i+iv/c=E(Pu+73s+i¢)i\/<

= %(gs+ga>+%”—Hi\/(%(gﬁgaw’g—ﬂ)z— [(6:+ ) (0t 2 — i) - k)

2 2

. . 2
l(gv'|'gt/1)'i'ﬂ - Hi\/(l(gv_ga'FlAk)) +]Calcs-
2 c 2 2

For Ak = 0 we have

1 1
q+ = E(ga + gs) + 5\/(ga + gs)z - 4(gags - ]Culcs)-

APPENDIX D: SPATIALLY DEPENDENT RELATIONS

To check the validity of the solutions, the definitions of the spatial factors I'I?E and their relations have been useful:

My = (G;E £ By),

a 3\
8—Zl'ljf = <—gf + 8_Z> Dq(z)
a Ss CsCa

Thus we have the identity

|:£ + <% + %>i| Eq(Z) = (gsga - K:sK:a) C‘(Z)’
9z \Sa & sSa

9
<3—Z +4q++ q-) Ey(2) = q4+q-E().

We also found the following identities that are used to verify the correctness of the solutions:

IB() ~ 3E4(2) I*E(2)
= —G4(2), =— -
0z 0z 0z

APPENDIX E: BOUNDARY-BOUNDARY CORRELATIONS (FOR BACKWARD GEOMETRY)

<Na(za’ T)NXA(ZS)>’ (Ns(zsl T)Na(za)>7 I:l(zsv T) = (Sn(zw T)Sn(zs»a IZ’(Za, 7)
To obtain (A(z,, t + 7)S(z, 1)) we need

(W (24, V)AO, V) + W (24, VSTL, V][ WE (25, VISE, V) + Wiz, 1)AT(0, )],

~ N 00 d
(Ab(Zas T)Sb(zs, O)) = / q)b(Zs, Zas v)elvr_v .
—o0 2
To obtain (S(z,, t + 7)A(z4, 1)) e reverse the order:
[ o S v) + W5 e AT ][V @0 v) A, ) + ¥ 2, 1)ST (L. )],
A ~ o0 ] dv
(Sh(Zs, T)Ab(Za, 0)> = / \Ilb(Zs, Zas U)e—wr_,
—00 2
For the boundary contributions to (S’T(Zs, r+ T)S(Zs, 1)) we need
(W57 (2 IST(L, ) + W3 (20, WA, ][], VIS, ) + Wz, A0, 1),

o0

” n - d
12(z, 1) = (8”7 (25, 1)8"(z,)) = f b (z,, v)e’”i.

—00
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For the boundary contributions to (At (24, t + 1) A(z4, 1)) we need

{We(za, VA0, v) + W (24, VISEL, V)W (24, VA, V) + U (20, VIST(L, 1)},

b e ib * b e AV
1;(0, 1) = (A”'(0, 7)A(0)) =/ A (2q, v)e™ " —,
oo 2
where
(25, 20, v) = [Caliia + DV (24, VWL (24, 1) + Coitg U (24, VIS (25, 1),
Wo(z, 24, 1) = [Calta Wi (25, VIWLH(0, v) + Cy(itg + DWW (25, V)P0, )],
£0(55, v) = [Callia + D W3z )| + Coitg| W3 )],
AP (za, v) = [Cyfis + D[P0, )| + Cata[ W20, v)[].
where Cy = SVXZ lg f|2 = xr? is the cross section, and 7 = (e"r/kT — 1)~! the mean photon number.

We have used the quantum field at the boundary:

N h]}f .
Ef(r, t) — lZ akfel(kjmrf\)fl)’
oy 2e,V

A A hv . .
Ef(r, U) — /e”)tEf(ra t)dt — ZZ > (/ak/ elkf'l‘ / el(V7vf)tdt
K/ €o

Z 21 e’kf 280 —vp) > lz V&kfeik/'anS(v — V),

with 8(v — vy) = 5= [ €= dt, the convention X (r) = 5= [ X(v)e~""dt and the commutation

h [vy
[E7(0.v), Ef(0. V)] = 37 ——— ! gt 27)8(v = vV = vy)

~ (27 )? Z o v S(v—vp)(V — vp)

(27[)2fz L
= S(v—vr)S(V —vs)d
e AL ZnC/Vf (v —vp) ' ve)dvy

7 hv
= J(S(V —V )

APPENDIX F: NOISE-NOISE CORRELATIONS

The noise correlations are expressed as

N N iree 55 dv
(An(zav T)Sn(ZS)> = el Z/ ewr¢n(zsv Zas V)_,
oo 2w
N N . . dv
(8"(z5, T)A(20)) = e’AkZ/ e "Nz, 24, V) 5
oo 2
with the phase mismatch Ak and the intensities / j’} ()=1 ;‘ (z, T = 0) are obtained from the self-correlation amplitudes
n ont on 00 VT N dv
I(zs, T) = (8" (25, T)S"(29)) = e’ X" (zs, v)2—,
oo b4
n Ant n OO —IVT A N dl)
Ia (Zuv 7:) = (A (Zas T)A (Zu)> = e A (Za» U)_~
oo 2
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The contributions of noise terms become important for significant propagation length [43]. This is because the correlation
amplitudes are the Fourier transforms of the spectral functions that depend on propagation length L,

n (27[)2 ax
D"(2y, 2, V) = Z ZD”(Z)K (Za» 8, VK (25, 5, V), (F5)
n (27[)2 L ran s ax
W (Zsa Zas V) = AN ;[) 2Dx,x’(Z)Kx(ZSs S, V)Kx’ (Zav s, V)dS, (F6)
21 )? L
Xz, v) = (Ajjv) ;/0 2D} ()K" (250 5, VIK] (25, 5, V), (F7)
n ( 7.[)2 a ax
A" (zq,v) = Z 2D, (DK (za 8, VIKE (2, 5, v)ds, (F8)

where s represents dependency on z, 7, 7, and L and x, x' = ac, ad, bc, bd, and

K (zg,5,v) =

K (za, 5, v) = igstsC;(WYy (20, 5, V) —

ig5ksC; (VWS (25, 5, V) — ighk S C;i(WIVS (25, 5, ), (F9)

igok s Ci(IYG (2as 5, V). (F10)

We have evaluated (Ff(z”, V)F(Z, v)), (FI@@", VFI (@, v)), (Fa@, VF(Z, V), (Fu@’, v)Fi(Z, v)) using Egs. (40) and

“41):
i 27 n
(Fls' v Fi(s, v)) = —D 8(s — )8V —v), (F11)
which follows from
(Fpo(z, )5, (7, 1)) ~ D (z.1)8(z — 2)8(¢ t’)(zn)2 (F12)
Ba <, Sy 2, —_— Ba, sy 2, Z Z (AN) ’
o R , 2r)?
(El @, t)F, i 1)) = Dy 8(z5 — 2)8(t; — 1) ———, (F13)
i 7 AN
A . . Q)
(Fx,(zj’ t)F (2, 1)) = DY, 8(zj — z)d(t; — ti)W~ (F14)
Hence, we obtain the commutations
A 2t o 2r a n / " / "
[Fi(z, V), Fi(z",v)] = AN{D Dj,-}ﬁ(z =)V =), (F15a)
7 / / £t 1 " 2r / " " 1% a n
Fi@ v, FL @ vl = 256 =28 — v )”Zlcc D%, — D}, (F15b)
2m 4
[Fo@ V). Fu@ V) = 086 =280 =v") 3 GCy{Df; = DY), (F15¢)

i j=1

All terms due to the boundary-noise correlations vanish as the initial fields are uncorrelated to the noise for the case of thermal

radiation. To compute the total spectrum, Z(v)
I¢(7) is essentially the spectrum, for example X(z,, v)

=Z'w)+ Z"(v), where Z € @, ¥, %, A. Note that the inverse transform of
= fooo e (25, T)dT.
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