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Slow light propagation in a thin optical fiber via electromagnetically induced transparency
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We propose a configuration that utilizes electromagnetically induced transpai€igyto tailor a fiber
mode propagating inside a thin optical fiber and coherently control its dispersion properties to drastically
reduce the group velocity of the fiber mode. The key to this proposal is that the evanescent field of the thin
fiber strongly couples with the surrounding active medium, so that the EIT condition is met by the medium. We
show how the properties of the fiber mode are modified due to the EIT medium, both numerically and
analytically. We demonstrate that the group velocity of the modified fiber mode can be drastically reduced
(=44 mlsec) using the coherently prepared orthohydrogen doped in a matrix of parahydrogen crystal as the

EIT medium.
DOI: 10.1103/PhysRevA.66.063808 PACS nuntber42.50.Gy, 42.81.Dp
I. INTRODUCTION tions to scalable photonic devices. However, the structure

dependent dispersion management lacks in the dynamical

There has been much excitement on the group velocitgontrol compar_ed to the_ EIT assisted contro_l of o_lispersion.
management via electromagnetically induced transparency to In @ conventional optical fiber, a propagating single-mode
drastically reduce the group velocity of ligit—4] to freeze field experiences a dispersion due to the dlspersn_/e material
[5], to store the quantum information of ligi], to achieve contents of the core and Cl?d' The group'vel'ocny of the
superluminal group-velocity propagati¢#], and to control envelope of such a propagating fiber mode is given by
the group velocity between subluminal to superluminal dp]?
propagatior{8] in varieties of resonant mediums. Many ex- V9" dwl @
periments have been reported on reduction of group velocity
of light (slow light) using ultracold atom§l], in hot atoms  whereg is the propagation constant of the fiber mode and
[2] and also recently in a rare-earth ion doped cryggdl is the angular frequency. In conventional optical fibers such
Slow light has also been observed in far-off-resonance Radispersion is very small compared to the dispersions in fibers
man system$9]. Extensive study of the slow light can be using tailored materials such as photonic heterostructures
found in many recent literaturgd] including many interest- [15-17.
ing applicationg10-13. Harris and co-worker have demon-  In this paper we propose a configuratiortador the dis-
strated the possibility of observing nonlinear processes agtersion properties of a fiber mode propagating inside a thin
low light level using the slow lighf10]. Matskoet al. have  (tapered optical fiber surrounded by an EIT mediufsee
demonstrated the enhancement of acousto-optical effects infag. 1), and as a result we show that the group velocity of the
dielectric fiber doped with resonant three-level atoms wheriiber mode can be reduced significantly. Our method utilizes
the velocity of light becomes comparable to the velocity ofEIT and hence has the advantage of large control over the
sound[11]. Possible applications of slow light for efficient dispersion property of the fiber mode. It should be noted that
four-wave mixing[12] and polarization splittin¢j13] are also  our usage of “thin fiber” should be understood as the case
reported. It has also been observed that dynamically turningthen the diameter of the fibea2<\; X is the central wave-
“off” and then turning “on” the strong control field, a signal length of the field that propagates inside the fiber. Under
pulse can also be freezed and retriey&d], leading to the such a condition large part of the ener@vanescent field in
possible realization of a quantum storage device. The key tthe transverse planef the fiber mode lies outside the thin
all the above phenomena is the existence of large dispersidiber. Thin tapered fiber has been a standard method in the
behavior combined with the very low absorption due todielectric sphere experiments to get large coupling of the
electromagnetically-induced transparendyT) [14]. The output field with the whispering-gallery modes of the sphere
most attractive feature of the EIT mechanism has been thEL8].
dynamical control of the dispersive property of the medium Further we have introduced orthosldoped in a matrix of
using the control laser parameters. para-H as an EIT medium surrounding the fiber to demon-

In recent years rapid progress has also been made in slostrate the above-mentioned reductionvig. This medium
light propagation in photonic heterostructures. It is reportechas the following advantages over other EIT mediutasit
that extremely slow light can be observed in photonic bandhas very high density and short interaction len(féw tens
gap material$15], in Moire fiber Bragg grating$16], and in  of micrometers compared to its gas phasg) The vibra-
optical resonator-array waveguidg$7]. In these kind of tional states considered for the EIT transitions have very
studies the material dispersion, which is determined by themall dephasing+53 Hz at an operating temperature of 4 K
engineered structure, is used to achieve the slow light. Thed&9]). To our knowledge, the only other solid in which EIT
materials have significant importance due to their applicahas been reported is Pr:YSO cryst8,20]. Using our
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[21]. The diameter of the waist of the thin fiber i®2\.
Thus it has almost a vanishing core and hence the refractive
indices that determine the fiber modes are the cladding re-
fractive index that we denote ag (and will be referred as
fiber refractive index henceforttand the medium refractive
index n,, surrounding the thin fiber.

The general equation for the propagation of an electric

field E,, through a medium with a refractive indexis gov-
erned by

/ EIT Atom or Molecule \

. . . 1%,
VX(VXE,)+ — ———5—=0, %)
c? ot

I.:ul - wherec is the velocity of light in free space, anrdis a field

° in Tapered . . L. . X

l%00 ol Fipor index that distinguishes the fields, when more than one laser
IFtEraCtiGH field propagate through the fiber. Let us consider the propa-
Region gation of a pulse inside the thin single-mode fiber. A pulse

FIG. 1. The configuration under consideration: a thin taperecCOrrésponding to the lowest order characteristic mode of the

optical fiber is surrounded by the EIT atoms or molecules. Twofib€r with central frequency, may be given by

fields, one strong and one weak, propagate through the single-mode .

th_in optical fiber. The evanescent p_art. of the_ fiber modes i_nteract Ea(r,zit):éaf 5a(r;w)eiﬁaz—iwtdw+c_c_ (3)
with the EIT atoms or molecules within the interaction region as —

shown above. The energy-level scheme for the EIT atoms/

molecules is shown in the inset. The spontaneous decay coefficienisere £ (r;w) is the distribution of the field amplitude at
. - a 1
are denoted asy2, the strong control field and weak probe field frequencyw in the transverse direction angl, corresponds

Rabi frequencies are given by&and 2, respectively, their cor- to the propagation constant of the propagating mode wjth

responding frequency detunings, from the transitions they (:ouplaD : o :

o eing the central frequency. On substituting E).into Eq.
areA. and é. The ground state dephas'.ng is denoted adviore (2) the equation for the field amplitude is obtained as
details of the EIT scheme is described in Sec. Ill.

2 2
scheme we achieve a large dispersioBaind hence a huge I Ea + I Ea +(n%k2— B2)€,=0, @)
reduction in the group velocity~44 m/sec for a chosen set x> ay? oo

of field parametens We also predict the possibility of stop-

ping the fiber mode. With the rich technologies available forwherek, = w,, /c is the free space propagation constant cor-
the Optical ﬁbers, we believe that slow ||ght in Optical fiber responding tOwa . The refractive indexh= nf(nm) inside
could open up new possibilities in nonlinear optics studiegoutside the fiber. In deriving Eq(4), we have made the
and for integrated photonic device applications. following approximations.

The organization of the paper is the following: In Sec. Il (a) The spatial variation of the refractive index along the

we present the propagation of a fiber mode inside a thinransverse direction is assumed to be zero inside the fiber and
single-mode optical fiber, particularly when the medium sur-¢ negligible outside the fibei.e., Vn=0).

rounding the thin fiber is an active medium. In Sec. Il we (b) The time duration of the pulse is assumed to be long

describe how the behavior of the fiber mode can be mOdiﬁe‘éompared to the response of the medium, so that the medium

when the surrounding medium is an EIT medium and intro—can be considered to be in a steady stae,(dt=0).

duce a dressed fiber mode. In Sec. IV we obtain an approxi- (c) Further we work in the singldowest ordey mode of
mate analytical expression for the group velocity of thethe fiber, i.e., under the conditida?]

modified fiber mode and show how the group velocity can be
substantially reduced by choosing the appropriate param- 2ma
eters. In Sec. V we give a detailed account of realization of A=
slow group velocity of the fiber mode using the orthg-H be
doped parahydrogen crystal as an EIT medium surroundin
the fiber. We present more detailed aspects of the slow light
propagation of the dressed fiber mode with numerical resultS

in Sec. VI. We summarize our results in Sec. VII. Jo(£c)=0. o . .
(d) We also use the weakly guiding approximatiaim;

—ny)/ny<<1] for which the approximate solution of E¢1)
corresponding to the lowest-order moHidE; is a linearly
polarized LRB; mode[23].

A thin fiber is obtained by heating a conventional com- The propagation equatioi@) for fiber has a well-known
munication fiber and stretching it to obtain a narrow waistanalytical solution for the fundamental mofk8,22,

ynf—ni<\,. (5

ere \,=2w/k,, a is the radius of the thin fiber{,
1.405 corresponds to the first zero of the Bessel function

1. PROPAGATION DYNAMICS INSIDE A THIN FIBER
SURROUNDED BY AN ACTIVE MEDIUM
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Km ‘]O(Kfar) Hereeg is the electrical permittivity of the vacuum. However

E(N=A,———*— for r<a (6a) the acFuaI polarization of the medium has a radial distribu-
0o\ TIi(5 @) tion, given by
Ik @) P, (I0,)= e[ nG(1)—11E,(1;0,). (10)
Km Jo(kf @
—A @ a—da(r-a) — R
Ae ‘Pa\/;Jl(Kfaa) © for r>a,  (6b) Forny, and henceP,,_ to represent the actual physical sys-

tem described by Eq10), we demand that the total interac-
which is obtained by matching the boundary conditions fortion energy densities’ - P, and ;- P, over the whole
the normal and tangential components of the field separately, |« or<e
and is normalized. Here= \x?>+y? is the radial distance e
from the axis of the fibem is the radius of the thin fiber, and Pe the same. Thus multiplying, (r; w,) to both Eqs(9) and

A, is a constant that determines the amplitude of the field(10), integrating over the transverse direction, and equating
and their right-hand sides we get
—

ke, =VKaNE— B Km = VBL—Kang,
(7) N

R
Ki(km a) f |Ea(r)[?rdr
= \/ 2_ 12 = ¢ a
Puo kaa nf nm! ¢a Km“KO(Kmaa).

plane due l%aav and |3am, respectively, should

fRSZ(r)nfn(r)ga(r)rdr
S (11)

in cylindrically symmetric coordinates. HeR is the radial
The symbolsJ; and K, represent Bessel functions of first extent of the medium from the axis of the fiber. Different
kind and modified Bessel functions respectively, of order schemes for averaging refractive index are used to determine
In writing the above solution, the field outside the fiber isthe field propagation in heterogeneous structueeg., see
approximated to an exponentigl8] for ease of further Ref.[24]). ]
evaluation of the integrals. The characteristic equation that Thereforeny, in Egs.(6)—(8) can be replaced by the av-
determines the propagation constgntfor the fundamental eraged refractive index of the medium, that is constant

mode is along the radial direction. Thus parameters in EQ). are
I ) K ) modified to
1(Kkf @ 1(Km &
¢ = l _ [LZ2A2_ a2 _Jp2 22
Kf‘YJO(Kf a) Km“Ko(Km a)’ ® K, =VKaNF = Bor K, = VBa=KaNi
. . . . . 1\ Km a
The radial distribution of the energy of a fiber mode o.=k,a /—n%_ﬁrzw bo=r o

propagating inside the thin fiber, given by E®), clearly
depends on the frequency of the propagating field, fiber pa-
rameters such as the diameter of the fibea)(2refractive  which determine the field distributiofi,(r) and the propa-
index n¢, and refractive index of the medium,. For ex-  gation constani3, of the fundamental mode. However it

ample, fork,a=1.31 andn;=1.43, about 49% of the total should be noted that,,(r) in Eq. (11) itself is a function of
energy of_the fiber mode .|IeS loutS|de the thin fiber wheng (r). Therefore, the propagation is initiated, for example,
refractive index of the medium is;,,=1. with a Gaussian field at the input, and soon it evolves to the

Generally the medium outside the fiber is air or a passivgyndamental mode of the fibef,(r) given in Egs.(6) and
medium having a constant refractive indey, for whichthe (12,

above mode calculation is valid. But, in the present case
under consideration, we have an active medium that exists
surrounding the fiber, where the refractive index of the me-
diumn,=n.(r) is no more a constant; moreover, it could be In the preceding section we have shown that the evanes-
a function of the parameters of the propagating field. In sucleent field of the fiber mode in the transverse direction can be
a case the above description of the mode solution fails. Howeoupled with the medium outside the fiber for suitable sets of
ever we use an indirect and approximate approach to detefield, fiber, and medium parameters. And thus if the medium
mine B, using an effective refractive index for the medium outside the thin fiber is active, the fiber mode will closely
to replacen,,, which is described as follows. follow the nature of the active medium. In this section, we
Let us introduce an effective refractive inday, for the =~ demonstrate how a fiber mode can be tailored using an EIT

active medium outside the thin fiber, experienced by the fieldnedium surrounding the thin fiber.

Ep. The corresponding polarization of the medium at a radiald r|1_e|tt ushc;)nn3|d(ra1r thatl th(ta)racgvi rgedkur&scor?]&lsts ?;IOW_
distancer is given by ensity homogeneously broadened ato olecule

having three-level\ schemes for their energy levels, see the
inset of Fig. 1. We assume that the atofm®lecule$ do not
move and hence we ignore the transit time broadening. The

"o Kok, )

IIl. DRESSED FIBER MODE VIA EIT

P, (104)=eg(Ny=1)E,(1;0,). ©)
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|1)+|2) and|1)«|3) are coupled by a strong control field whole transverse cross section of the fiber, the propagation

Ec(r) and a weak probe fie|ép(r)7 respective]y_ The con- Constaljt,Bp for the fiber mode of the prObe field can be
trol field fiber mode (CFM) and probe field fiber mode approximated as

(PFM) are given by Eq(3) with a—c for the control field R

and a—p for the probe field. Thé2)«|3) is a dipole for- j Eynéprdr
bidden transition. We assume that both PFM and CFM sat- B.=nk, = 0

isfy the single-mode conditiofb). The refractive index of a PR R )
generalized EIT medium, corresponding to a weak probe JO |EP| rdr
field is well known[14]. Therefore, in the following, we only (15)
present the formula for refractive index in our configuration,

where the constant control field Rabi frequency in R&fl]  Heren,,, defined in Eq(11), can be approximately written
is replaced by the transversely distributed functic@(R) as

=2d&.(r)/h; whered is the induced dipole moment corre-

kp={bnm+(1—b)ne}k,.

sponding to thél)«|2) transition andi is Planck constant. ngkn S rdr
The refractive index of such a medium experienced by the . JgPm
weak PFME, in the presence of the strong CF8)(r) can Mm=—"r (16)
be obtained as f |€l2rdr
a
no(r)=1+ éR 1y [T—1(A—9)] and the coefficienb denotes the fraction of total energy of
" 2 (1t 7, +i O[T —i(A=8)]+|G(r)|? the fiber mode outside the fiber and is given as
(13 .
f € pl2rdr
a

for small absorption. In deriving Eq13) we have used fol- b=
lowing assumptions(a) the two field modes are uncoupled R oo
and do not interact with each other during the propagation fo |5P| rdr
inside the fiber(b) the CFM &, propagates without loss in-

side the fiber. We will present a more detailed derivation ofClearly from Eq.(15), Bp of the PFM will be modified by
the refractive index, for our configuration, using a specificthe medium for any nonzero value bf Next we proceed to
example in Sec. V. It may be noted that the medium contri-calculateb.

bution to the refractive index for the control field is negligi-  The distribution for€,(r), for r<a, is governed by the
bly small as the control field acts on thE)«|2) transition  Bessel functionly(«; r) as in Eq.(6a). We expand

where very small population or no population is available to .

make any significant contribution to the susceptibility, and K7 1214 (k% r214)?

hence the refractive index. Thus for CFM propagatigp Jol ks r)=1- ° : -
=n,=1, using vacuum as the medium outside the thin fiber.

This ny, is used to calculate the fiber mode for the controland consider only the first two terms in the expansion for the
field £ . Here the detuning of the central frequency of thethin fiber, wherex 1 is small. Thus substituting, from Eq.
PFM (CFM) from the transition frequency, of |1)«~|2)  (g) in Eq. (17) and carrying out the integration we obtain
(wg of [1)«[3)) is given by 6=wo—w, (A=wi— w);

2; represents the spontaneous decay coefficient correspond- 8¢§

ing to the|1)—|i) transition and T represents the dephas- b=|1+ —F—
ing rate of the ground state. It may be noted that, for our 3Kfp(1+2¢pa)
configuration in Fig. 1, the control field Rabi frequence 2 (

17

(1H? " (22

=2G(r) and hence the refractive indices,=n.,(r) are
functions ofr that is different from standard EIT configura-
tions[14]. In Eqg. (13) we have used a characteristdimen-

p

N|d|? Here we assume that the extent of the medium in the radial
= ) (14)  direction is very large, i.e.R—c. It can be easily shown
hegy thatb=1 for a—0 (and hencep,a, Kfpa—>0). Therefore,
the smaller the radius is, the larger is the effect of the
HereN is the density of atomgmolecules. For typical EIT  syrrounding medium o, . For the parameters used in Fig.
experiments with alkali-metal atomic gagsse referencesin 2 numerical value ob~0.57.
Ref.[14]) £=0.01~0.1. More detailed calculation on a spe-  |n Fig. 2 we present the dispersion and absorption char-
cific realistic system is presented in Sec. V. acteristics of the modified PFM. In Fig.(&, we plot the
Assuming the susceptibility of the mediugy, to be small  solution 8, (scaled withky) of the characteristic equation
and denotingn as the average refractive index over the(8). The numerical method for the plot is described in Sec.

1 «i a? -
+ -1 , 18
(1— Kfpa2/4)2 4 (18
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1.070 Itis now clear from Fig. 2a) that the steep dispersion gf,
aroundwg can cause a large reduction in group velocity.

To obtain a clear physical picture of the contributions
from various dispersions to the group velocity of the fiber
mode, we use the approximate relatid®) and substituting
into Eq. (19) we get

1.065
=%
1.060

1.055 ]

A0y uy (20

Dropping the dispersion associated with the fiber clad
(dn¢/dwp) that is negligible compared to that of the resonant

medium @ny,/dwp) and substitutingn, from Eg. (16) we

get
fRﬂnm
a dwp

0.015

0.010

ab+ b (

E T

e fggrdr
a

Ug

(Im 1)

wqo —
=~ | (m=ny) £ordr

0.005

PFM Absorption

0.000
-4

of the PFM. The dashed lines correspond to the behavior of the . ) i
PFM alone, and the solid lines depict the modification occurred in" deriving the above equatiof, is taken to be real. We

the presence of the CFNl.e., due to EIT. Clearly the behavior of have also dropped the terms associated Wkh/dwy, that
the PFM is governed by the properties of the EIT medium. Thedre negligibly small ¢-1/c). From Eq.(13) we get
parameters used here afe=0.107, y;=7y,=7y=1 MHz, I'=0,
ng=1.43, 22=0.3 um, A=780 nm,E.(r=0)=%y/d, andA=0.
All frequencies are scaled with.

(l)pz (l)o

| _mE  |GOP-T?

T2 [[G(1)[2+ (y1t y2)T T2

(22

w

ﬁwp p

V. Clearly the PFM assumes the same structure of dispe/@! the EIT condition and when the control field CFM is on
sion and absorption as that of the EIT medium afgl resonance with th¢l)«[2) transition. Further using Eq.
=Bp(G,A,5). The dashed lines in Fig. 2 represent the dis-(60) for &,(r) and &(r) and using Eq(22), we obtain an
persion and absorption characteristics of the weak PFMXPression for the group velocity of the PFM in the presence

when CFM is absent. In the presence of the CFM, the ab®f the CFM

sorption of PFM becomes very small &= 0. We name this
EIT modified PFM with propagation constait, as the
dressedfiber mode. The origin of this behavior of the fiber
mode can be understood dge to the strong coupling of the

evanescent part of the fiber modes with the surrounding EIT

medium This is the key for the following sections and for
this paper which helps us realize slow light in the thin optical
fiber.

IV. SLOW GROUP VELOCITY OF THE FIBER MODE

In this section we examine the group velocity of th
propagating dressed fiber mode described in the precedi
section. For PFM with central frequenay,= wq which is on
resonance with thél)«|3) transition and propagating in
the single-mode optical fiber, the group velocity in Ed)
can be rewritten as

e

-1

a5,
dw,

vg (19

06380

1 woy:é bop{1+2(dp— bo)a}

Vg 2¢Gh (¢p— o)X (1+2¢,a)
(,()O — (9b
—?(nf nm)ﬂ—wp , (23
wp%wo

whereGy=G(r=a). We have considered that the medium
is present over large radial distancdg—{>). The param-
eters¢, and¢. are the PFM and CFM parameters defined in
Eqg. (12) with a—p and a—c, respectively. We note that in
deriving Eq.(23) we have neglected the third term in Eq.

n(&l) compared to the other two terms, as it contains the small

multiplicative term 6,,—n,,). Numerically we observed that
the third term is at least four to five orders of magnitude
smaller compared to the other two in Eg1), for a thin fiber
surrounded by a typical EIT medium. We have derived the
above expression for group velocity at the ideal EIT condi-
tion, i.e., forI'=0. It is interesting to note from Eq23)

that, assuming the second term is small compared to the first,
the fiber mode can be brought to a complete hajt0) by
turning off the CFM Gy=0), which could be useful for
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storagg[6] of light information in the PFM. Such dynamical my =1 m;=0 m;=-1

aspects of the group velocity of the fiber mode will be dis- S

cussed elsewhere. ><
Further we examine the limiting case of vanishing fiber J=1, I=1,0=0

my=-1

radius @—0), where Km,—0 (as B.~k., nn,=n,) and
hence¢.—0. Alsob—1 as discussed in the preceding sec-
tion and henceb/ Jw,~0. Substituting these in E23) we
get

1 _ woy1§ 1

Vg 2c GS'

(24)

Thus we recover the expression for the group velocity of a
pulse propagating inside a bulk sample of the EIT medium
with the zero ground state dephasing, in the case of vanish- (b) (c)

ing fiber radius. FIG. 3. (a) The crystal field induced =0+v=1 transition.
The selection rule for this transition ism;= *+ 2. (b) The six-level
V. ORTHO-H , DOPED IN SOLID PARA-H , CRYSTAL AS scheme that can be obtained from the hyperfine splitting=ot
AN EIT MEDIUM degenerate levels applying an axial magnetic field. Herea2e the
nonradiative decay rates from=1—v =0 states]I’ is the crystal
We propose the orthohydrogen molecul@sth nuclear  field induced mixing rate of the ground state§;2and 2y; are the
spinl=1) doped in the solid parahydrogen<0) molecu- CFM and PFM Rabi frequencies defined in E¢86) and (27),
lar crystal as an EIT medium. The transition under considerrespectively.(c) The effective three-leveh scheme reduced from
ation is a crystal field induced vibrational-rotational transi-the six-level scheme that describes the EIT in the orthaitdl-
tion Q4(1) (v=1+0,J=1<1, M;=—1<0, 01). The ecule.
degenerate sublevels of rotational angular momeniam
states withm;=0,=1 split in the anisotropic crystal field. polarized weak probe field that couples tHe«|5) and
Further the quadrapole moment of the orthohydrogén (|2)«|6) transitions. Thus the interaction Hamiltonian in ro-
=1) molecule induces dipole moments on the surroundingating wave approximation can be written as
parahydrogen J=0) molecules. And these many body di-
pole moments interact with a radiation, having its electric Hy=— k[ (91| 2)(6|+g,|1)(5])e st +iAp?
field perpendicular to the axis of the crystal, to cause the _ )
transitionv = 0« v = 1 [25—27. This transition occurs at in- +(G1l3)(5| +G,|2)(4])e~ ! T 1hr+ Hel. (25
frared\ o= 2.4 um and the selection rule for this transition is
Am;==2 [see Fig. 8)]. Further applying an axial mag- Here w, (w.) represents the central frequency of the PFM
netic field, the degeneracy in the hyperfine levetdl canbe (CFM), and Bp(Bc) represents the propagation constant of
removed to obtain a six-level scheme as depicted in the Fighe corresponding propagating mode. The Rabi frequencies
3(b). of the CFM are
Before we proceed, we note that the selection of this me-
dium as the EIT medium is of particular importance to the

present problem due to the following. G,= |d35|5°’ - |d24|5°, (26)
(a) As discussed earlier, we need the field to satisfy the h h

single-mode conditio5) and also a large evanescent part of

PFM in the transverse direction should be available for in-and that of the PFM are

teraction of the fiber mode with the medium, for which 2

<\g. Thus for the ortho-KH medium ¢ o=2.4 xm) one can |& F: |a &

work with 2a~1—2 um—whereas for a standard EIT me- gi=— 2P g, =R (27)

ho )

dium having optical transitions, the thickness of the fiber has
to be as small as@<1um.

(b) This solid has very narrow width®7] compared to  Hered;;=(i|d|j) represents an effective dipole moment cor-
the other solid EIT mediurfi3]. responding to the crystal field inducéi)«|j) transition,

(c) Further we note that since we are working here withwhich is calculated from the experimentally measured value
the solid medium, the assumption of neglecting the transibf the integrated absorption coeffici@s]. The unperturbed
time broadening in Sec. Ill is easily met. Hamiltonian in terms of Fig. ®) can be written as

The magnetic degenerate sublevels in Fitp) Zan be
coupled selectively by choosing suitable polarizations of the Ho=H(w,+2Q)| 11|+ (w,+Q)|2)(2|+hw,|3)(3]
laser fieldd29]. We use a strong- .. polarized laser field that v v v
couples the|2)«|4) and |3)«|5) transitions, and ar_ +2hQ|4) (4] +HhQ|5)(5]. (28

063808-6
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Here fw, is the separation between the stales and |n By the particular choice of the field configuratipsee Fig.
+3) (for n=1,2,3) in Fig. 3b). The hyperfine splitting of 4(b)], the strong CFMG;(r) pumps the population fror)
| =1 degenerate levels, caused by the axial magnetic field, isnd|5), and via the nonradiative decays fr¢#) and|3), a

represented by Q. good initial statg6) can be prepared in the molecules close
Thus the equation of motion for the six-level system isto the fiber. From Eq(30) we numerically estimated the
given by the density-matrix equation steady-state value of the ground state populatigg(r)
ap i 3 o ~0.97 when the CFM Rabi frequency atis G(r)=y, A
2=y [Hot ™, ,P]—El yilliXilp}+ =0. Here we have assumed that=y (i=1,2,3) and we

have used the parametery230 kHz[28] and 2A"=53 Hz

2 3 6 [19]. The Rabi frequencies are assumed |&|=G (i
+ 3, Z yipiili){(i|—2r 2 {1iXl.p}+ =1,2) for simplicity. Thus the configuration in Fig(l3) ef-
=1j=4 =4 fectively reduces to a three-leval scheme as shown in Fig.
6 4(c) in the presence of the-, polarized strong CFM G;
— 2 Pii|j><j|> ) (29 #0), and hence the dynamics is primarily governed by Egs.
i =40#]) (30).

Assuming that the steady-state population|®f in the
sence of PFM is equal to unity, we get the solution of the
nsity-matrix equation for a weak PFM as

Here 2y;s could be the nonradiative decay rates from each Ozfab
thev=1—v=0 states and R is the crystal field induced de
mixing rate of the ground states. The notat{oh, represent

the anticommutators. Thus the equations for the density=
matrix elements are paelr)

paz=— 272022+ 1G 2042~ 1G5 p24ti92p62— 193 P26, B ig(N[4T+i(6—A+20)]
[y+20+i(6+Q) ][40 +i(5—A+20)]+|G(r)[?
(33

poa=—[v2+ 2T +i(A— Q) poy+iGo(pas—p22) +i91pes

po6=—[v2+ 20 +i(8+ Q) pastiGopastigi(pes— pao), o .
The frequency-dependent susceptibility of the medium con-
taining orthohydrogen doped in the parahydrogen crystal can

paa=— AT paa+ 2T (psst pee) + 5 (VP11 Y2p22+ ¥2P33) :
be written as

+i63524_iG2;42: Xm= Xparat §026, (34)
pag=—[4T +i(6—A+20)]psetiG3 prs—i91paz, where x,ara is the susceptibility of the background parahy-
5 _ o _ _ _ drogen matrix,o o= vp2slg; and =N déﬁ/(h €oy) (where
pes=— 4L pest 2T (pagt pss) + 5(y1p1at+ v2p22t Y3p33) derr=d;; effective dipole moment, assuming the effective di-
e~ ~ pole strengths of all involved transitions to be saml
+1971 P26~ 191P62- (30) other parameters are same as defined earlier. Thus the refrac-

In writing Egs. (30) we have eliminated the temporal and tive index of this doped medium is

spatial rapid oscillations by making the following transfor- Nm(@)=(1+Re xm)*?=[n2,+ &(Re 02012 (35)
mations:
pos— paaexf —iwct+iBez], wheren,,,is the refractive index of the background parahy-
drogen. Therefore the refractive index of the medium aver-
p26_)~p‘ZGqu_iwpt+inZ]! aged over the transverse distribution of the PFM, using the

definition in Eq.(11), can be written as

_}~ e . _ Ct+ ~ B, , 1/2
paspao®H ~H(wp™ we)tH1(Bp™ fe)2] f;é’;m[Re 2161 T
and ~ FmE nSara+§

Pii— Pii - (3D JR|8p(r)|2dr

The detunings of central frequencies of CFM and PFM are (36)
given byA=w,— o and 6=w,— w,, respectively. In Eq.

(30 we have presented the equations for the relevanfiowever, assuming that the susceptibilitiggino and xpara
denSIty—matl’IX elements Only. HOWeVer, n a” the Calcula'are Sma”, we can rewrite the above as

tions presented below, we have taken all the six levels into

cpnsideration. The conservation law for the population in JRE;(r)[Re o261 ]Ep(r)dr
different energy levels is — & Ja
6 Nm=Npara" > = . (37
21pn=1- (32 falc‘?p(r)lzdf
=
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Using thisﬁrn and the same procedure as described in Secs 10 ! ! (a)
Il and 1V, we calculateB, and hence the group velocity of x5 87 )
the PFM inside the thin fiber surrounded by the ortho-H —£ 0.6 medium ! thin fiber
doped solid para-kicrystal: ¥ 4] I
W 2] ! !
1 woyé bp{1+2(hp— do)a} 00— L —
vg 2cGZ (Pp— o) 2(1+2p) 4.0 2.0 |00 | 2.0 4.0
© b 1.44 - !
~ 2| @y o 0] ®)
Ploy~ag L1.1215F°
1.1210]
assuming the ground-state mixing ratE-20. Here the pa- 1.1205
rametersGo, &, b, ¢,, ¢. are same as defined earlier. For ;1540 ]

simplicity we have derived the above equatiofkt 0 and
use this condition in all further calculations. This analytical
result agrees well in the order of magnitude estimation with
the numerical result presented in the following section. b |
In the following section we present the numerical results = 495
and discussions on various aspects of the slow light propa:
gation of the dressed mode propagating inside the thin fiber  0.000
with orthohydrogen doped in parahydrogen crystal as the 40 20 00 20 a0
EIT medium. x (in um)

0.024 -

0.016 +

FIG. 4. Distribution of thela) PFM (scaled, (b) the real part of
VI. NUMERICAL RESULTS AND DISCUSSION refractive index, andc) the imaginary part of the refractive index

. . .. oL . that represent the absorption, along the transverse direction.
The propagation of the probe field inside the thin fiber is

numerically carried out using the two-dimension@D)

beam propagation methof22] that solves the 2D scalar IR AX (X)N2(X) Ay (x)dx
. P P
equation —, J-R
, 24 n°= R ; (40)
A, 9 2
T4 TR n2(x,2)k2 A, =0, (39 f_RMD(X)' dx
X 0z

and(c) the energy conservatioﬁ[fFfRIAp(x)|2dx]/&z=O is
used to compensate the numerical losses in the homogeneous
steps.

I Kot The numerical evaluation of the dressed fiber mode PFM,
Engﬁx“‘lp(x?“’)e P dotc.c. shown in Fig. 4a), involves the following steps. First step is
to determine the transverse distribution of the CEMXx)
o . . using Egs.(6) and (8) with n,=n,,=1.12. We use this
used for initiation of the probe field propagation that even—gc(x) in Eq.(33) and in all furt?w]er cpglr?:ulations, and evaluate
tually evolves to the fiber modg, shown in Fig. 4a). The e response of the medium to the PFM in the presence of
solution to the above equation is obtained by discretizingpe cEM. We initiate the propagation of a probe field, with a
space and assuming the medium to be a combination of shogl, |<sian field having full width at half-maximuma2and
sectiols of homogeneous media, having a constant rEfraCti‘fﬁjmerically propagate using the 2D BPM as described
indexn, separated by lenses at the grid points that incorpoahove. In few steps, the Gaussian probe evolves to the PFM
rate the effect of the actual refractive index of the mediumgp(x) as shown in Fig. @). The distribution of the refractive
n(x,z) at the given X,z). Thus the field propagation is car- index and the absorption along the transverse direction are
ried out in two steps(1) homogeneous stepThe homoge-  shown in Figs. 4) and 4c), respectively. Clearly the behav-
neous part of the propagation was carried out by Fouriefor of the PFM is mainly determined by the region close to
decomposition in terms of plane waveg) lens step-Inthis  this fiber(for |x|<2 wum), as&(x) is very small outside this
step a phase shift is introduced to incorporate the effect ofegion. The absorption is large beyond this region as the
n(x,z). We have included the following features into the 2D control field reduces and hence EIT condition does not hold
BPM to describe the dynamics of our syste@:a complex  peyond this region. The parameters used hereNarel.3
refractive indexn,,(x) is used to account for the absorEion X 107" M3, deg=7.3x10"%*C m, 2y=30 kHz, '=1.17

in the resonant mediuntb) the averaged refractive index X 10 3y, the resonanho=2.4 um, 6= —0.001y. (&) max

for the homogeneous step is determined adaptively during=#y/des, and the corresponding laser intensity is
the propagation of the field using ~0.6 W/cnt. The above value dfl corresponds to 5% dop-

with x as the only transverse component. Hetg is the
amplitude of the probe field;

063808-8



SLOW LIGHT PROGATATION IN A THIN OPTICAL . .. PHYSICAL REVIEW A 66, 063808 (2002

1.4 ; . ; ——t ; . ; 1.165 . . . oote
I I }
I I
2 I I 7 1.160 0.012
I I
| | 0.008
o 1.0 -
_8 I ! 1.155 0.004
EO- . £ e
0.8 g = c
o = =3 0.000 £
= £ 1.150
GC) 0.6 I 0.004
oo I I 1
I I -0.008
S 4 ! ! 1.145
= I I -0.012
0.2 | | 1.140 N 1 . 1 N 1
| | -4 2 1} 2 4
I
0.0 6
I I

L . L . L . L . L FIG. 6. The dispersiortsolid line) and the absorptioridotted

line) characteristics of the dressed fiber mode when the thin fiber is

surrounded by the ortho-+Hdoped para-H crystal as the EIT me-
FIG. 5. Variation of slope of the real part of the refractive index dium. Here all the parameters are same as in Fig. 4, and the PFM

with respect to the PFM frequency in the transverse direction. ~ detuningd is scaled withy.

x (in um)

, . . We have used a control field strength equattfr=a); all

ing of the ortho-H molecule in a matrix of the parazH qiner field and medium parameters are taken to be the same
crystal. However, since the inhomogeneous width in a solichs in the above. It may be noted that the group velocity
is much larger compared to its natural linewidth, to achieve geduction in a fiber is larger than that in a bulk EIT medium
good EIT condition, a larger intensity is required to over-(without fibep, which is due to the following reason: group
come the inhomogeneous widtB]. Using an effective width  velocity of the probe pulse is directly proportional to the
of 2y=20.03 MHz—where the additional 20 MHz is to ac- control field intensity. In the case of a fiber, the control field
count for a possible inhomogeneous broadening; {2 in itensity decreases along the transverse direction causing the
the crystal—the intensity is estimated to €79 kW/cnf. tail part of the mode to move extremely slowly, which re-
This intensity for our configuration corresponds to a laserduces the group velocity of the fiber mode drastically. How-
power of ~19.7 mW only(assuming the beam diameter of €ver in the case of a bulk sample, the intensity is assumed to
the PEM of the thin fiber to be-3 wm). Further, some early be constant along the transverse direction. Therefore with the
experimental observations have predicted the possibility of §me peak value for control field, the probe field pulse ve-
much smaller inhomogeneous width for a hydrogen crystaloCity is slower in the fiber compared to that in the bulk
prepared under very good experimental conditipggl— ~ MedIUM. .

that would reduce the power requirement for the control field, 't May further be noted that, is a constant of propaga-

by square times the amount by which inhomogeneous widthon only if we assume that the absorption of both the pump

is reduced; e.g., if the inhomogeneous width is 20 timesand probe are negligible. Because a change in the pump or

smaller, the power required will be reduced by 400 timesProPe intensity distribution could changg, and hences,,
Here, for the approximate estimatio, is assumed to be The validity of this approximation lies in the fact that we are
Lorentzian[30] and is added to the natural linewidth to get Working under the EIT condition Im,=0 around
the effectivey. In Fig. 5 we show the variation of the slope =0—which, however, is good only in the region close to
of the refractive index along the transverse direction. It isthe fiber. Moreover, the probe field amplitude drops rapidly
clear from Fig. 5 that the slope is positive only in the region®Utside this region. Hence the probe absorption and disper-
close to the fiber, and hence favorable for the slow groupSIOn charactgnsucs are primarily detgr_mmgd by_ the region
velocity For|x|>’2 um the slope decreases and becomes(:Iose to the fiber, where the EIT condition is satisfied.
negativé forlx|>4 m. However, the contribution from the Apart from th_e usefulngss of our c_onflguratlon to red_uce

) e ’ the group velocity of the fiber mode, it offers the following
later part is extremely small as the PRI(x) has very small

. ; advantages: a fiber mode, of the origitiahdistorted fiber
value beyondx|>2 um. Further€y(x) is used to determine \yitn arge width at the input—when propagates through the

the complexn,, using Eq.(36) and hences,, could be deter- thin (tapered region, the width is considerably reduced.
mined using Egs(8) and (12). In Fig. 6 we plot the scaled Thus the tapered fiber acts as a focusing element and hence a
B, and Im Hm as functions of the PFM detuning. The Iarge part of the figld energy is available in the evanescent-
corresponding group velocity, of the PFM~44.1 m/sec. like part of the thin fiber mode—that ppuld be useful to
The resulting group delay of the PFM is as large asCcess weaker atom{or moleculay transitions such as the
~1.13 usec for a medium length of 5am (along the direc-  Q1(1) transition of ortho-i.

tion of propagation For completeness we note that the
group velocity of a weak probe in free space, passing
through the bulk solid sample of orthohydrogen doped in a In summary, we have demonstrated that the group veloc-
parahydrogen matrix, is estimated to bg~52.95 m/sec. ity of a fiber mode propagating inside a thin single-mode

VII. CONCLUSION
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optical fiber can be reduced drastically utilizing the EIT. Wesurrounding the fiber, we can reduce the group velocity of
have shown that due to the strong interaction of the evaneshe fiber mode to-44 m/sec for the chosen set of the CFM
cent part of the fiber mode with the EIT medium surroundingparameters. From the analytical result we also predict the
the fiber, the fiber mode picks up the dispersion and absorpeossibility of stopping the PFM by dynamically switching
tion properties of the medium. We have analyzed in detaibff the CFM.

how a dressed fiber mode can be prepared and how the slow
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