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Abstract— Features of Raman gain of probe radiation in three-level atoms placed in a defect of a one-dimen-
sional photonic crystal in the presence of laser radiation (pump) at an adjacent high-frequency transition
have been theoretically investigated. It has been shown that there is a pump intensity range where narrow
peaks (resonances) simultaneously appear in the transmission and reflection spectra of the probe field.
Beyond this region, the peak in the transmission spectrum is transformed to a narrow dip. The spectral posi-
tion of these peaks is determined by the Raman resonance and the transmittance and reflectance can be larger
than unity at pump intensities from several microwatts per square centimeter to several tens of milliwatts per
square centimeter. The nature of narrow peaks is due to a sharp dispersion of a nonlinear refractive index near
the Raman resonance; this dispersion is responsible for a strong decrease in the group velocity of probe radi-
ation. The proposed scheme makes it possible to obtain controlled ultranarrow resonances in the transmis-

sion and reflection spectra of the photonic crystal.
DOI: 10.1134/S1063776110120022

1. INTRODUCTION

Photonic crystals have been actively investigated
for two decades (see, e.g. [1, 2]). They have the unique
combination of the dispersion properties and localiza-
tion of radiation and, thus, make it possible to effi-
ciently control light fluxes. Micro- and nanodefects in
photonic crystals can localize light in a volume smaller
than A3 (where A is the wavelength) with a high quality
factor of defect modes (see [3, 4] and references
therein). Such structures are often called photonic
crystal cavities or micro- and nanocavities [5]. The
photonic crystal cavities have important applications
in various fields such as photonics [6], nonlinear optics
[3], and quantum electrodynamics [7]. They underlie
the developments of low-threshold microlasers [8],
Raman lasers [9, 10], and devices for obtaining slow
light and optically controlled delay lines [11]. A com-
bination of a high quality factor of a microcavity and a
small volume of a mode allowed the creation of
Raman lasers with an ultralow lasing threshold (lower
than 100 pW) [12, 13].

The presence of resonance media, e.g., atoms or
quantum wells in a defect strongly modifies the spec-
tral properties of the photonic crystal [14—17]. The
use of electromagnetically induced transparency
(EIT) [18] opens new unique opportunities to control
the spectral properties of the photonic crystal [19] and
to miniaturize optical filters, highly sensitive sensors,
and completely optical switches and quantum mem-

ory. It was recently shown that the width of the trans-
mission spectrum for the probe radiation in the photo-
nic crystal with the defect containing an EIT medium
can be reduced by a factor of about ¢/v, > 1 (c is the
speed of light in vacuum and v, is the group velocity of
the probe wave in the EIT medium) due to a signifi-
cant decrease in the group velocity under the EIT con-
ditions and the quality factor of the defect mode
increases correspondingly [20, 21].

The group velocity can also decrease under the
Raman interaction of the probe (Stokes) radiation
with the intense pump wave [22—25]; this decrease
occurs with lower losses and in a wider spectral range
than in the case of EIT [22]. We emphasize that the
requirements to the choice of a medium in this case
are less stringent than those for the case of EIT. In this
work, the Raman interaction between two laser waves
in a one-dimensional photonic crystal with the defect
containing three-level atoms is theoretically studied. A
new method is proposed to obtain controlled ultrana-
rrow resonances in the transmission and reflection
spectra of photonic crystals. The method is based on
the effect of a decrease in the group velocity of the
probe radiation in the presence of the Raman gain in
the defect layer of a photonic crystal. The power of
pump radiation is chosen below the threshold of stim-
ulated Raman scattering (SRS), but above a value
ensuring a noticeable enhancement of the probe wave.
In contrast to spontaneous RS, the phasing of atomic
vibrations occurs in this case in the volume occupied
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Fig. 1. Energy diagram of the three-level atom in the
Raman gain scheme; o; and o, are the pump and probe
frequencies, respectively; and 0 and 2 are the ground and
metastable states, respectively.

by light waves as in the case of SRS, but uncontrolled
instabilities do not appear. This scheme is low sensitive
to fluctuations of the pump intensity [26] and the
spectral resolution is determined by the spectrum
width of the used laser beams and can, in principle, be
high. The proposed method can be used in high-reso-
lution Raman spectroscopy of gases and liquids [26],
as well as for the creation of high-efficiency Raman
amplifiers [27, 28].

2. MODEL AND APPROXIMATIONS
2.1. Nonlinear Raman Susceptibility and Group Velocity

The Raman gain of the probe wave with frequency
, interacting with the pump wave with frequency o,
appears when the frequency difference ®, — o, is close
to the frequency of an atomic or molecular transition
My, 1.€., Wy = ®; — ®, (see Fig. 1). It is due to the
inelastic scattering of light [29]. This method is also
called SRS enhancement [26]. The macroscopic
explanation of the Raman gain is the Raman reso-
nance of the cubic (Raman) susceptibility yg(®,, —®,,
;). For three-level atoms with the energy levels
shown in Fig. 1, a formula for the susceptibility yr can
be obtained by solving the equations for the density
matrix in the third order of perturbation theory under
the conditions

|Ql| = |0)10_031| > |G1|> |G2|7Y107
G| > |G
where Q, is the detuning from the one-photon reso-
nance; ®;, and y,, are the resonance frequency and
half-width of the |0)—|1) transition; 2G|, = d,,E,/h
and 2G, = d,E,/h are the Rabi frequencies of the

pump and probe waves, respectively; and E|, and E, are
the complex amplitudes of the pump and probe waves,
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Fig. 2. Normalized (solid curve) real and (dashed curve)
imaginary parts of the Raman susceptibility versus the
detuning of the probe field.

respectively. Under these conditions, the population
of the lower state |0) can be treated as unchanged and
the pump field, as given; i.e., quantity G, is constant
throughout the length of the medium.

In the given approximations, the Raman suscepti-
bility for atoms at rest is given by the expression [30]

1 dydy
41 (0, + i)
Here, Q, = »,, — (0, — m,) is the detuning from the
|0) —|2) Raman transition, vy is its half-width, and d;;
is the matrix dipole moment of the transition.

The real and imaginary parts of the susceptibility
Yr = Xr + ixr are shown in Fig. 2 as functions of the

probe frequency. It is substantial that the imaginary
part of y is negative near the Raman resonance; i.e.,
the probe wave is enhanced due to the transfer of the
energy from the pump radiation to the probe field. In
contrast to the one-photon resonance, the real part of

r has the normal dispersion (y /dw, > 0).

Ar(®y) = (D

For rarefied media, the complex refractive index n,
for the probe field under the Raman gain conditions is
calculated by the standard method [31]

ny(m,) = ny +ins

= «/1 +4WN(XEI)+XR|E1|2) )
~ ny(m,) + 2nNXR(('02)|E1|23

where X(zl) andny=1+ 2nNX(21) is the linear (nonres-

onance) susceptibility and the linear refractive index
for the probe wave, respectively, and N is the density of
atoms. The second term in Eq. (2) is the nonlinear part
of the refractive index due to the Raman susceptibility.
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Note that in the considered approximation, |[Imyg| >

‘Imx(zl)‘ and ‘Rex(zl) | leads only to the shift of the res-
onance frequency of the defect mode. For this reason,

the contribution of x(zl) to the refractive index n, will
be neglected below.

According to the definition [32], the group velocity
of the probe wave is

Vg = [ < '
n, + ,(dn,/dw,) 3)
~ ¢ = £
= 2 \ - N
1+ 2nN|E || o,(dyr/do,) g
Here,
A 2
N, = 1+2nN|E1|2m2% = 1+K‘22|G2'| NG
0o, Qi

is the index of the group velocity, where K, =

2nN032]d12|2/h. The frequency derivative is taken at
the point ®; — , = m,,. For simplicity, the dispersion
of the linear nonresonance susceptibility is disre-
garded in Eq. (3) (ny= 1).

Under  the easily
1(12]01\2 /Qv = 1, the group velocity is given by the
formula

achieved condition

22
c QlY202
K,,|G||

According to Eq. (5), in contrast to the case of EIT
[18], the group velocity is inverse proportional to the
intensity of the control radiation, but the probe field is
enhanced in this case. It is also noteworthy that v, is
proportional to the width of the Raman transition and
is inverse proportional to the density of the medium. It
is possible to control the group velocity of the probe
radiation by varying the density of atoms and the
intensity of the pump field. We emphasize that v,
decreases with a decrease in the width of the Raman
transition. It can be shown that the group velocity in
media where the EIT is observed can be 10°—10~¢,
i.e., the same as in the case of EIT.

v, = < c.

g

%)

2.2. Photonic Crystal with the Raman Defect

Let us consider a one-dimensional photonic crystal
with the structure (HL)YYHDH(LH). Here, Hand L
mark the dielectric layers with the high, ny, and low,
n;, refractive indices, respectively; and with the thick-
nesses #; and 7, respectively; D is the defect layer with
the refractive index np and thickness #p; and M is the
number of periods. The defect layer is filled with a
medium, which is modeled by three-level atoms at rest
whose energy levels are shown in Fig. 1. The density of
atoms is low enough to neglect the interaction between
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them. The parameters of the photonic crystal are cho-
sen such that the spectral width of excited defect
modes is much larger than the widths of allowed tran-
sitions and |0) —|2) Raman transition (in contrast to
[9, 10]).

Two plane monochromatic waves with frequencies
®; and ®, (o, > ®,) are incident normally on the pho-
tonic crystal and propagate along the z axis, which is
perpendicular to the photonic crystal layers (z = 0 cor-
responds to the boundary of the first layer). The waves
with frequencies ®; and ®, are called the pump or
control wave and the probe or Stokes wave, respec-
tively. The pump field E, interacts with the [0)—|1)
transition and the probe field E, interacts with the
adjacent |1) —|2) transition. The frequency difference
®; — M, is close to the Raman resonance frequency m,
of the dipole forbidden transition. Only the ground
state |0) is initially occupied. Note that the refractive

index of the defect layer n, = Ren, for the probe wave

depends on the spatial coordinate z, because the field
distribution in the defect is nonuniform because of the
localization effect. For simplicity, we assume that the
photonic crystal is in a medium with unity refractive
index.

3. CALCULATION RESULTS
AND THEIR ANALYSIS

3. 1. Transmission and Reflection Spectra

The transmittance and reflectance were deter-
mined from the solution of the wave equations for the
control and probe fields. In the stationary case, the
field in an arbitrary jth layer can be represented as a
superposition of the fields of counterpropagating
waves,

E; = Ajexpliki(z—z)] + Biexp[-ik(z—z)].  (6)

Here, A; and B, are the amplitudes of the direct (inci-
dent) and inverse (reflected) waves, respectively, and
k; = njo, »/c, where n; is the refractive index in the jth
layer.

To obtain the amplitudes 4; and B; in each layer, we
used the recurrence relation method [21, 33] taking
into account matching at the boundary of adjacent
layers. The transmission and reflection spectra of the
probe wave were determined by the formulas

_ B0
|40]”

2
T(0) = AL R(®

b
Al

where A, and A4,(L) are the amplitudes of the probe
waves at the input (z = 0) and output (z = L) of the
photonic crystal, respectively, and B,(0) is the ampli-

tude of the probe wave reflected from the input face
(z=0).
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The numerical simulation was performed for two
cases. In the first case, the frequencies of the probe and
control fields are close to each other and are both in
one defect mode; i.e., the resonance frequency ,, is
smaller than the spectral width of the defect mode. In
the second case, the Raman transition frequency
exceeds the width of the defect mode and, corre-
spondingly, it is necessary to use two defect modes with
the frequency difference close to the Raman transition
frequency; this is the case of two interacting modes.
The spatial distributions of these modes are different
and this fact influences the magnitude of the effect
under consideration.

Let us discuss the first case. For the numerical sim-
ulation of the transmission and reflection spectra, the
parameters of the Raman medium were taken close to
the parameters of sodium atoms. The wavelengths of
the probe and pump fields were taken near the D-lines
and ®,,/21 = 1.8 GHz. The parameters of the photo-
nic crystal were M = 10, nydy = nid;, = A,)/4, dphp =
Ay/2, ny =2.35, and n = 1.45. The probe and control
waves are in the transmission band of the photonic
crystal, and the wavelength of the probe radiation A,
was chosen such that its frequency under the Raman
resonance condition (®; — ®, = ®,y) coincides with
the resonance frequency of the defect mode (0, = ®,)
at the detuning of the pump frequency Q, = 30y,,,
Y10/27 =100 MHz, and N~ 10'2cm~3. The calculation
of the field distribution in the defect with the chosen
parameters indicates that the pump and probe waves
almost completely overlap in space (np = 1) (see
Fig. 3a). As compared to the input values, the field
intensity in the defect layer is increased by about five
orders of magnitude due to the localization effect. It is
assumed that |G,| > |G,| in the defect layer; for this

reason, the field distribution inside the defect is
treated as given when calculating the transmittance
and reflectance for the probe fields.

The transmission and reflection spectra were cal-
culated for various Rabi frequencies of the control
field and various half-widths of the Raman transition
Y20- Figure 4 shows the typical transmission and reflec-
tion spectra of the photonic crystal for the probe wave
under the Raman gain conditions when v,, < v, (the
width of the Raman transition is small). A narrow
structure (a sharp peak or resonance), which is due to
the Raman resonance, is seen in the center of the
spectrum in Fig. 4a against the background of the wide
transmission line corresponding to the empty defect
(np = 1 for both waves). In this case, the transmittance
can be larger than unity. A narrow peak whose height
can be larger than unity is also seen in the center of the
dip in the reflection spectrum in Fig. 4b.

Figure 5 shows similar spectra at v,, > v,, (the wide
Raman transition). In this case, the transmission and
reflection spectra are much wider. Thus, the width of
the transmission and reflection spectra decreases with
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Fig. 3. Intensity distributions of the (solid curve) probe and
(dotted curve) control fields in the region of the defect
layer for the cases where (a) the frequencies of both fields
are close to each other, M = 10, and dpnp = A,/2 and (b)
the difference between the frequencies of the fields is much
larger than the width of the defect mode, M = 35, and
dphp = 3A,/4; such a structure has two defect modes. The
dashed lines schematically show the refractive index of the
photonic crystal.

a decrease in the width of the Raman transition. The
transmittance and reflectance depend both on the
width of the Raman resonance and on the pump field
intensity (see Fig. 6). It is interesting that the widths of
the resonances d® can be smaller than the width of the
Raman transition, as is seen in the insets in Fig. 6,
where 8w = v,y/5 for the parameters indicated in the
figure.

Figure 7 shows the transmittance and reflectance as
functions of the normalized Rabi frequency of the
pump field for various widths of the Raman transition.
As the pump intensity increases to a certain (thresh-
Vol. 111
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Fig. 4. (a) Transmission and (b) reflection spectra of the
photonic crystal for various intensities of the control field
for the case shown in Fig. 3a for y;o/v,9 = 20. The insets
show the spectra in a wider spectral range.

old) value, the transmittance and reflectance at the
resonance frequency increase. Above this threshold,
these quantities decrease. In this case, the peak in the
transmission spectrum changes to a dip (see Fig. 4a)
whose depth tends to zero with an increase in the con-
trol field. Another tendency is observed in the reflec-
tion spectrum: the reflectance tends to unity at suffi-
ciently high control fields. The transmission and
reflection are inverted in the center of the contour.
When v,, > 7,4, the behavior of the transmission and
reflection spectra is qualitatively the same, but the
spectra are much wider (see Fig. 5). As is seen in
Fig. 7, there is a pump intensity range where the trans-
mittance and reflectance are simultaneously larger
than unity; as the ratio y,,/y,, increases, this range is
expanded and larger pump intensities are required.
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Fig. 5. Same as in Fig. 4, but for y;(/y,9 = 0.2.

Let us consider the case of two modes where the
frequency difference o; — m, between the control and
probe fields exceeds the spectral width of the defect
mode. In this case, the parameters of the photonic
crystal are chosen such that there are two defect modes
with the frequency difference close to the frequency of
the Raman transition (two-mode regime). Figure 3b
shows the spatial distribution of the modes for the cho-
sen configuration photonic crystal having two modes.
The pump and probe waves excite modes near the
short- and long-wavelength edges of the band gap,
respectively. Figure 8 shows the transmission and
reflection spectra of the probe wave in the two-mode
regime for a hypothetical medium. It is seen that nar-
row resonances in the transmission and reflection
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Fig. 6. (a) Transmission and (b) reflection spectra for vari-
ous widths of the Raman transition y,: v29/y10 = (solid
curves) 0.05, (dashed curves) 1, and (dotted curves) 5 and
various Rabi frequency of pump radiation G;: G/y{o=
(solid curves) 0.2, (dashed curves) 0.895, and (dotted
curves) 2.

spectra also exist in this case, but somewhat higher
intensities of the control field are required. We explain
this fact by the incomplete spatial overlapping of inter-
acting modes.

Thus, peaks are simultaneously observed in the
transmission and reflection spectra of the photonic
crystal with the Raman enhancing defect. The heights
and spectral positions of these peaks can be controlled
by varying the amplitude and frequency of the control
field. If the width of the Raman transition is small,
Y20 <€ Y10, Ultranarrow resonances can be obtained in
the transmission and reflection spectra.
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Fig. 7. Maximum (a) transmittance and (b) reflectance at
the resonance frequency versus the normalized Rabi fre-
quency of the pump field for y,(/v;o = (solid curves) 0.05,
(dashed curves) 1, and (dotted curves) 5.

3.2. Discussion of the Results

The features of the behavior of the transmission
and reflection spectra for the probe field can be quali-
tatively explained by using analogy with the Fabry—
Perot cavity [4] that has length d equal to the thickness
of the defect layer 7 and is filled with the Raman
medium. The transmittance of the Fabry—Perot cavity
for the probe wave, T'= I,/ 15, (1, and I, are the inten-
sities of light at the input of the Fabry—Perot cavity
and passed light, respectively), in the presence of the
pump wave can be calculated in the standard way [34]

Ti/le(xd

T = .
(1 - Rye®™)’ +4Rye®sin’ (d/2)
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Fig. 8. (a) Transmission and (b) reflection spectra of the
photonic crystal for various intensities of the control field
for the case shown in Fig. 3b fory;y/v,¢ = 20.

Here, T\ and Ry are the transmittance and reflec-

tance of the mirrors, respectively; a. = —(4n/A)nyy >0
is the Raman gain factor of the probe wave; and ® =
(4n/M)n.pd is the phase delay in the double pass

through the cavity, where n,; = 2nNyg F |E10|2 and

ny = 1+ 2nNyy FIE,|* are the effective imaginary
and real parts of the refractive index n,, respectively;
F is the spatial overlap integral of the pump and probe
waves (details of the calculation of the effective
refractive index and overlap integral are presented in
the Appendix, see Eq. (A.2)); and E}, is the pump
field amplitude in the Fabry—Perot cavity.
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The condition ® = 2rmm (m = 1, 2, ...) determines
the resonance frequency of the cavity at which the
transmittance is maximal,

ad
T = —u¢" ™
(1-Rye™)
If ad < 1, Eq. (7) can be represented in the form
Tu

T,

max

. 8)
(Tvi —0dRy)

According to Eq. (8), under the condition a.dRy; <
Ty and with an increase in the pump intensity, 7; —
adRy; — 0, the transmittance increases and can sat-
isfy the condition 7},,,, > 1. In the opposite case where
adRy; > Ty, as the pump field increases, 7,,,, — 0in
the Raman resonance region (see Figs. 4, 5); i.e., a dip
appears in the transmittance. The condition
Ryexp(ad) = 1 is known as the threshold condition of
the Raman laser. The reflectance can be analyzed sim-
ilarly.

The FWHM of the narrow transmission peak is
given by the expression

5(D:A_‘°’
1+n

_ c[t=Rue™] _e[Tu-odRy|

A®
dead/2m 4 m
Here,
' 2
n = 2nNF]E1‘2@0% — FK1§|?1| ,
0w, Qi3

where o, is the resonance frequency of the empty cav-
ity (np = 1). The frequency derivative is taken at the
point ®, = ®,.

The formula for Aw at oo = 0 is transformed to the
known expression for the transmission width of the
empty Fabry—Perot cavity [34],

Aw = c(1-Ry)/d./Ry.

Note that 1 + n at F'= 1 is equal to the index of the
group velocity N, = ¢/ v, for the probe wave in the pres-
ence of the Raman interaction (see Eq. (4)); this index
can be much larger than unity when dispersion is large.
Thus, the spectral width of narrow resonances of the
probe Stokes field is inverse proportional to the index
of the group velocity; i.e., the spectral width of this res-
onance decreases with a decrease in the group velocity.

Under the conditions adRy; < Ty; and n > 1, the
width of the transmission peak is by a factor of n
smaller than that for the empty cavity; i.e., a narrow
resonance appears in the transmission spectrum. The
1 value is determined by the dispersion of the Raman
susceptibility and depends on the pump intensity.
Analysis shows that the width of the resonance can be
smaller than the width of the Raman transition 7,,,.
Note that when adRy; > T, the peak in the transmis-
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sion spectrum changes to a dip according to Fig. 4,
there is a narrow peak in the reflection spectrum, and
the reflectance can be larger than unity (R > 1). The
intensity necessary for observing the effects under
consideration depends on several parameters (the
one-photon detuning of the pump frequency, the
width of the Raman resonance, and the number of
bilayers M) and is estimated from several microwatts
per square centimeter to several tens of milliwatts per
square centimeter.

4. CONCLUSIONS

The propagation of light through a photonic crystal
cavity under the Raman gain conditions has been the-
oretically investigated. It has been shown that narrow
and ultranarrow resonances can appear simulta-
neously in the transmission and reflection spectra of
the probe (Raman) radiation. The spectral positions of
these peaks are determined by the Raman resonance.
The nature of narrow resonances is attributed to the
dispersion of a nonlinear refractive index near the
Raman transition; this dispersion is responsible for a
strong decrease in the group velocity of the probe radi-
ation. Narrowband lasers should be used to observe the
considered effects. The combination of the Raman
gain and photonic crystal cavities can be useful in var-
ious applications such as spectroscopy, atomic clock,
quantum memory, and delay lines. We believe that,
similar to EIT in an optical cavity [35, 36], the Raman
gain can be also observed on cold atoms placed in pho-
tonic crystal structures, in particular on single atoms.

APPENDIX

EFFECTIVE REFRACTIVE INDEX
IN THE FABRY-PEROT CAVITY

The field in the Fabry—Perot cavity has the form of
standing waves, i.e., is inhomogeneous along the z
axis. For this reason, we introduce the effective com-
plex refractive index (averaged over the z axis) on the
basis of the following simple consideration. The field
in the cavity is represented in the form of the expan-
sion in the eigenmodes of the empty cavity sin(k,z)
(n=1,2)[37]:

E, = Eysin(k,z), E, = Eysin(kyz).
Here, k; = mn/d and k, = pn/d, where m and p are
integers.

Since the polarization is a dipole moment per unit
volume, the polarization at the probe field frequency
can be represented in the form

d

1 2 .2 .
P(2) = d'N fn(o)| Ey| Ensin’ (ki2)sin(k52),
0
where the susceptibility yr(®,) is given by Eq. (1).
From this relation, the effective susceptibility is
expressed as
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d
Kren(02) = 2892 fin' ysin(odz. (A

0
The quantity
d

F=d' jsin2(k1z)sin(k2z)dz

0
can be treated as the overlap integral of the interacting
waves. Using the standard procedure, the complex
refractive index for the probe field is expressed from
Eq. (A.1) as

Ne(©0y) = R+ Ny

= A/1 +4nNyR, eff(@z)|Elo|2)
~1+2nNyg eﬁ(w2)|E10|2'

(A.2)
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