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Correlation-enhanced Goos-Héinchen shift in Rydberg atomic gases
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We present here a theoretical investigation on the Goos-Hinchen (GH) lateral shift of a probe field as it is
reflected or transmitted from a three-layer system with a Rydberg atomic gas sandwiched between two dielectric
slabs. Driven by this weak probe field and a strong-coupling field, Rydberg atoms with dipole-dipole interactions
are capable of producing a nonlocal Kerr effect whose strength could far exceed the corresponding local Kerr
effect at a rather low atomic density. The resultant GH shift is distinct from that observed in an extremely
diluted atomic gas with negligible Rydberg-Rydberg interactions and has been examined in two particular cases
specified by different coupling frequencies for a fixed probe frequency. In both cases, the nonlocal Kerr effect
is found to result in an obvious enhancement of the GH shift and more importantly provide an alternative way
for controlling the GH shift by varying the atomic density in an appropriate range. Finally, we present a possible
realization of a highly sensitive displacement sensor by exploiting an approximately linear relation between the
displacement of one dielectric slab and the GH shift of the probe field.
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I. INTRODUCTION

A totally reflected light beam is well known to be laterally
shifted from the position predicted by geometrical optics. This
phenomenon typically referred to as the Goos-Hénchen (GH)
shift is the result of a coherence or interference effect in wave
optics [1,2]. The underlying physics lies in that the waves
comprising an incident light beam acquire different phase
changes in reflection owing to different wave vectors so that
the reflected light beam must exhibit a lateral shift from the
incident point since it cannot be perfectly reconstituted with
these phase reformed waves [3,4]. This mechanism works also
for partially reflected and transmitted light beams, which have
been extensively studied in achieving and manipulating the
GH shift [5-7] with the consideration that one usually has
regular reflection but not total reflection.

As a generic phenomenon of wave mechanics, recently the
GH shift was found to also exist in the reflections of spin
waves [8], neutrons [9], electrons [10-12], etc. As far as the
more familiar light beams are concerned, the GH shift has
been investigated in various media and structures, such as
dielectric slabs or laser dressed media [13—16], optical cavities
or waveguides [17-20], photonic crystals [21], metasurfaces
[22], optomechanical systems [23], and Weyl semimetals [24],
showing diverse features of both fundamental and applied
interests. One particular goal in these studies is to explore the
promising potentials of developing new techniques for con-
trolling the GH shift in order to build high-sensitivity sensors.

Typically, the linear optical responses of laser-dressed me-
dia [13,14,25] are utilized to observe and manipulate the
GH shift. However, on the surfaces of various nonlinear me-
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dia, e.g., that exhibit second-harmonic generation [26,27],
Helmholtz solitons [28] and Airy beams [29], the GH shift
holds more interesting physics and promises additional con-
trols. The problem lies in that the nonlinear responses of
most optical materials are too weak to be utilized. Far-off-
resonance excitations are commonly used to evade large linear
absorption but inevitably reduce the nonlinear interactions be-
tween atoms and photons. An effective scheme to attain both
limited linear absorption and strong optical nonlinearity is
electromagnetically induced transparency (EIT), with which
the linear absorption at resonance is largely suppressed due to
destructive interference between different transition pathways
while the Kerr nonlinearity can be significantly enhanced be-
cause it is immune to this destructive interference [30-32].

On the other hand, recent theoretical and experimental
investigations show that highly excited Rydberg atoms with
large principal quantum numbers provide new opportunities
to generate strong optical nonlinearities [33—-35]. In short,
large dipole moments of Rydberg states can give rise to strong
dipole-dipole interactions between two atoms of distances up
to several or more than ten microns, which then create ef-
fective atomic correlations viable to be mapped into nonlocal
optical nonlinearities in the EIT regime [36—38]. The resultant
nonlinear polarizations are many orders of magnitude larger
than those obtained in the conventional EIT media and remain
strong even at the single-photon level [39,40]. Rydberg states
exhibit also long lifetimes up to hundreds of microseconds
so that the induced optical nonlinearities are largely coherent
during atom-light interactions [41,42].

We are then motivated to consider a three-layer system
where a Rydberg atomic gas is sandwiched between two
dielectric slabs as shown in Fig. 1 by aiming at the GH
shift of a probe field in regular reflection and transmission.
This Rydberg atomic gas dressed by the probe field and an-
other coupling field in the EIT regime is found to exhibit
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FIG. 1. (a) Schematic of a three-layer system formed by two di-
electric slabs with susceptibilities x; and x3 and a sandwiched atomic
gas with susceptibility x,. (b) A ladder configuration with the three
levels assumed, e.g., to be |1) = |58,2, F =2), |2) = |5P;p, F =
3), and |3) = |60S;/,) for ¥Rb atoms driven by a probe (£2,) and
a coupling (€2,) field. An example of the negative (positive) lateral
shift is shown for a reflected (transmitted) component of the probe
field incident from the left dielectric slab. Each orange-dashed circle
refers to a blockade sphere, in which one atom in the Rydberg state
|3) denoted by a dark red dot forbids other atoms denoted by the light
green dots to be excited via dipole-dipole interactions.

a significant nonlocal Kerr effect arising from dipole-dipole
interactions, in addition to a weak local Kerr effect and a
comparable local linear response. Taking the respective sus-
ceptibilities into a transfer matrix, it is viable to further
examine the GH shift of a partially reflected or transmitted
probe field in a wide range of the incident angle. We focus
on two cases where the local linear susceptibility (i) vanishes
in its real part so that the probe reflection is essentially de-
termined by the nonlocal nonlinear susceptibility or (ii) is
well counteracted by the nonlocal nonlinear susceptibility in
its imaginary part to cause a great suppression of the probe
absorption. In both cases, the GH shift is greatly enhanced
as compared with that attained in the absence of Rydberg-
Rydberg interactions. Another intriguing feature is that the
GH shift depends critically on the atomic density in the sense
that a slight increase of the atomic density results in a dramatic
enhancement of the GH shift. This feature is promising for
realizing a sensitive displacement sensor because the maximal
GH shift moves evidently to another incident angle as one
dielectric slab suffers a tiny displacement for a proper atomic
density.

The organization of this article is as follows: In Sec. II,
we introduce the model and relevant equations for examining
the GH shift in reflection and transmission. The emphasis will
be placed on how to derive the linear and nonlinear suscep-
tibilities of sandwiched Rydberg atoms. Section III shows
numerical results and relevant discussions on the GH shift
enhanced by the nonlocal Kerr susceptibility in two specific
cases. The second case is further explored for realizing a dis-
placement sensor with respect to one dielectric slab. Finally,
we draw our conclusions in Sec. IV, while detailed equa-
tions for deriving the nonlocal Kerr susceptibility are given
in the Appendix.

II. MODEL AND EQUATIONS

We consider a transverse-electric (TE) polarized laser
beam acting as a probe field that is incident upon a cavity from

vacuum and then gets divided into the reflected and transmit-
ted beams, as shown by the solid-line arrows in Fig. 1(a). The
cavity is composed of three layers of homogeneous media:
two parallel dielectric slabs with susceptibilities x; and x3
and thicknesses d; and d3 separated by an atomic gas with
susceptibility x, and thickness d5. The reflectivities of both di-
electric slabs are not too high in the absence of high-reflecting
coatings on their surfaces so that the three-layer system should
not be considered as a high-quality cavity with an extremely-
frequency-sensitive response, hence allowing the probe field
to come in and be partially reflected and transmitted. On the
surface of the left (right) slab, a lateral shift may exist between
the center point of the reflected (transmitted) beam and the
corresponding point predicted by geometrical optics [see the
red dotted line in Fig. 1(a)]. Based on the stationary phase
theory [3,4,43], the lateral shifts of reflected and transmitted
beams can be calculated via

g - c 3¢,
" wpcosf 360’
d
5 =-—o (1)
w,cos6 00

where 6 (w,) is the incident angle (angular frequency) of the
probe field, while ¢, (¢;) is the phase of the reflection r (trans-
mission t) coefficient. Note that a positive S; and a negative
S, have been shown in Fig. 1(a) when they are, respectively,
in the same and opposite directions of the y component of
the probe wave vector. It is also worth noting that a detailed
derivation of Eq. (1) as in Ref. [4] indicates that S, and S,
actually result from the interference between plane waves of
different momentums (wave vectors) parallel to the cavity
surface.

Now we briefly explain how to calculate r and ¢ via the
standard transfer-matrix approach [44]. For a weak probe field
passing through the jth layer with j € {1, 2, 3}, the corre-
sponding transfer matrix can be written as

[ cos(kld;) isin(kld))/q;
M = |:iqj sin (k{d;) cos (kid;) | @

where k! = k,(e; — sin® 0)"/? is the z component of the probe
wave vector in the jth layer with €; =1+ x;, k, = w,/c,
and q; = k! /k,. Then we have the total transfer matrix M =
M M,M5 for the considered cavity as a product of those for
different layers. With the diagonal and off-diagonal elements
of matrix M, we further have the reflection and transition
coefficients

. qo(My — Myy) — (q5M12 — M)
qo(Mxn + My1) — (3M12 + May)’

f = 2q0
qo(Mp + M) — (3M12 + M)’

with gg = cos 6. Substituting the phases of r = |r|e/® and t =
|t|e® into Eq. (1), it is straightforward to calculate the lateral
shifts of both reflected and transmitted probe beams. Above
discussions clearly show that S, and S, depend on the incident
angle 6 and the angular frequency w),, of the probe field as well
as the thicknesses d;, d», and ds and the susceptibilities x, x2,
and x3 of different layers.

(3a)

(3b)
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It is of particular interest that x, describes the optical re-
sponse of a sandwiched atomic gas to the weak probe field and
offers us a flexible avenue to control S, and S, since x, can be
modified on demand by another strong-coupling field. Specifi-
cally, this atomic gas is assumed to be driven into a three-level
ladder-type EIT configuration as shown in Fig. 1(b). The
refracted probe field (after passing the left slab and before
leaving from the right slab) interacts with different atoms
by driving the |1) <> |2) transition of resonant frequency wy;
at a single-photon detuning A, = w»; — w,. Meanwhile, the
coupling field of angular frequency w, (traveling, e.g., along
the y direction) drives the |2) <> |3) transition of resonant
frequency ws; at a single-photon detuning A, = w3 — ..
In this case, the optical response described by x, depends
critically on an important parameter: the double-photon de-
tuning § defined as § = A, + A, = w31 — w. — w, that will
be frequently used in the following discussions. In addition,
we assume that level |3) refers to a high Rydberg state with
a long radiative lifetime, a large electric-dipole moment and a
strong dipole-dipole interaction [45].

With above considerations, we can write down the total
Hamiltonian for all coherently driven atoms [37]

H=N, / d3rH(r), (4a)

as a volume integral of the local Hamiltonian 7 (r) for a single
atom at position r. In this integral, N, describes the atomic
density while #(r) is given by

H(r)/h = ApSrn(r) + 883(r)
—[£2,812(r) + 2:823(r) + Hee ]

N, / P8V —r)Sn(r),  (@b)

with the single-atom transition (@ # ) and projection (o =
B) operators defined as Sa,g(r) = |B(r)){a(r)| [38]. Here
Q, = u2Ep/2h and Q. = u3pE./2h are Rabi frequencies of
the probe and coupling fields of amplitudes E,, and E., respec-
tively, with y; and w3, being dipole matrix elements on the
respective atomic transitions. We have also introduced the van
der Waals (vdW) potential V (r — r') = Cs/|r — 1’'|® [46] with
Cs = 27 x 140 GHz um® for the |3) = |60S /) state of 87Rb
atoms to model the Rydberg-Rydberg interaction between one
atom at position r and another atom at position r’. Then the
integral describes that the atom at a fixed position r exhibits an
energy shift in state |3) as induced by its nonlocal interactions
with other atoms at variable positions r’.

The optical response of an atom at position r to the
probe field is determined by p,;(r) defined as the expecta-
tion value (S, (r)). It is indeed a one-body density-matrix
element and can be calculated via the optical Bloch equation
ihd; (Sap(r)) = ([Sap(r), H(r)]) as

021 (r) = —g21p21(r) + 2} p31 (1)
+iQ2,[p11(r) — p2a(r)], (5a)

with g1 = y»1 +iA, and y»; denoting the decoherence rate
of pp1(r). As we can see, this equation further relates to

031(r), whose dynamic evolution is governed by

0 031(r) = — g31031(r) + i 21 (r) — i2,032(r)

5 (5b)
- iNa/d 'V —r)p3 @, r),

with g3; = y31 +i6 and y3; denoting the decoherence rate
of p31(r). The other one-body dynamic equations are listed
in the Appendix and can be solved together with Eqgs. (5a)
and (5b) to calculate py;(r) in the steady state, provided the
two-body density matrix elements p333;(r', r) are known.
Here pqp, (Y, 1) is defined as (S’aﬁ(r’)S’w(r)) and repre-
sents the quantum correlation between two atoms at positions
r and r’, respectively. The calculation of ps333(r',r) in
the steady state involves another set of two-body dynamic
equations, which can be attained from the set of one-body dy-
namic equations via ; (Sy5(r')S,, (1)) = (3,845(r)S,,, (X)) +
(S‘aﬁ(r’)atﬁw(r)). Taking p33.31(r’, r) as an example, its dy-
namic evolution is found to obey

9 p3331(r', 1) = —[g3331 + V(X' —1)lpsz @, r)
+iQc[p3321(r', 1) + p31,23(r, 1)]

— QP33 (', 1) — iQ,p33 20, 1)
—iNa/d3V”V(I‘N —1)p33333 @, 1, T),

(6)

with g3331 = g31 + '3 and I';; denoting the population
decay rate of p33(r’). It is not of any surprise that
Eq. (6) further involves a three-body density-matrix el-
ement 0333331 (r", ¥, 1) = ($33(r")S33(r')S31(r)) describing
the quantum correlation between three atoms at positions r”,
r’, and r, respectively. Note that the integration with respect
to r’ and r” in the above equations should be done under the
requirement r” # r’ # r. In the following, we just consider
a few dilute-enough atomic media so that the contribution of
three-body correlation p33 3331 (r”, ', r) in Eq. (6) is negligi-
bly small, as detailed in the last paragraph of this section.
The one-body and two-body dynamic equations are rather
complicated and can be solved in the steady state by
setting 9y 0ap(r) = 0;Pup, (@', 1) =0 via the perturbation
method with respect to a weak probe field. This perturba-
tion method requires us to solve the nth-order components
po(t’g(r) and p;’l‘g Iw(r’,r) order by order after making the

series expansions pqp(r) = Zf;o pé’g(r) and pyp, 0 (X', 1) =

Z,ﬁo pgg W(r’, r). To be more specific, we know that pé"ﬂ)(r)

and pggiw(r’, r) are proportional to €2,|2,|"~" as n is an odd

integer while to |€2,|" as n is an even integer. It is also known
that some one-body density-matrix elements like p,;(r) have
only the odd components pé’})(r) with n € {1, 3,5, ...} while
others like p;; (r) have only the even components pf’;)(r) with
ne{0,2,4,...}. As for a two-body density-matrix element
Pap,uv(X’, T), its expansion is determined by those of two
one-body counterparts pg(r’) and o, (r).

This perturbation method with more details shown in
Ref. [37] has been used to attain the one-body first-order
component ,0511), which is irrelevant to Rydberg-Rydberg in-
teractions and hence independent of position r. Then we can
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write down the linear susceptibility

(1)

1 _ NaM%l ’OA N Naﬂ%] ig31

2 cohi Q, el gngn+ Il

(7

describing the linear optical response of a typical three-level
EIT system. With the same method, we have also attained the
one-body third-order component

. 2 . 2 2
p® = Q,[2ig31017 + ig31055 + 2ot ]

A 221831 + 192.1%

2283 + |22 33,31 (T s
3
(2)

where the one-body second-order components pﬁ), P37 » and
pg) are irrelevant to Rydberg-Rydberg interactions again and
hence position independent. In a thick-enough atomic gas, it is
viable to further consider that the position dependence of the
two-body third-order component pggl (r', ) can be averaged
out by the volume integral because V (r' — r) reduces rapidly
with the increase of |r’ — r| so that it is safe to neglect the
boundary effect for most interacting atoms. It is why pg) has
been rewritten in a position-independent form, with which we
can write down the following Kerr nonlinear susceptibility

4 (3)
@) _ Nattzi Py

B deh® 19,29,

0 =1+ X ©
divided into a local (x) and a nonlocal (x4”) component.
Here x* refers to the first term on the right-hand side of
Eq. (8) and can be realized even with independent atoms in the
absence of Rydberg-Rydberg interactions, while X,(f) refers
to the second term on the right-hand side of Eq. (8) and can
be realized only with correlated atoms exhibiting Rydberg-
Rydberg interactions.
The local nonlinear susceptibility takes the form

G _ Naus, {2ig31 <_ g1 €21 823 n c.c.)
“ 4eoi® | P 21 P PP,

ig311Q2| (2 r
+zg31| C|< V32831 + 2lg32+c.c.>

P L2 PP,
ch [g97313, " jg23]"
n [€2.] [lgm 3*2 21 (lgzz 12831 _'_C.C.)
'y PP, P P;

iT21 Q|2
+ ( Pr c.c.>:| }, (10a)
with Py = 21831 + |Qc1%, P2 = Iolgsl® + 2y5/Q/?, and
83 = &5 = vy + iA.. Here we have also introduced y3; to
denote the decoherence rate of ps;»(r) and I';; to denote the
population decay rate of py(r). The nonlocal nonlinear sus-
ceptibility takes the form

N2ud QF (3) (r',r)
=S [y - nB2EE D o)
deol?® P 2P,

and will be solved numerically together with Eq. (A2) in
the Appendix since it is difficult or impossible to attain the
analytical solution of pg?n(r’, r). Equation (10b) indicates
that the two-body correlation between an atom at position r’

characterized by pg) and another atom at position r character-

ized by p;) may largely alter the optical response to the probe
field €2, with the help of the coupling field 2. and the vdW
potential V (r' —r).

Up to the third-order expansion, the total optical response
of the atomic gas to the probe field is

x = 13" + XPNE N + xS 1E 1 (11)

which will be examined via numerical calculations in the
regime of A, >> y» to avoid significant probe absorption due
to the single-photon excitation of intermediate state |2) [38].
In this regime, we can determine the radius of a blockade
sphere R, = (IC6A,|/12:1*)'/° [41,46], a distance from one
Rydberg atom within which other atoms hardly get excited to
the Rydberg state |3) [47] owing to large energy shifts caused
by Rydberg-Rydberg interactions. In this regard, the volume
integral in Eq. (10b) needs to be performed from [r' — r| = R,
to [r' — r| = oo, with the upper limit co referring in fact to a
finite value roughly less than 3R, because V (r' — r) rapidly
reduces to become vanishing with the increase of [r' — r|.

In Fig. 2, we examine the total optical response y, to the
probe field as well as its three linear and nonlinear com-
ponents against the double-photon detuning § with a probe
detuning fixed as A,/2mr = —160 MHz and a coupling de-
tuning funed around A. = —A,. Figure 2(a) shows that the
coupling field shifts the resonant frequency of the linear
susceptibility X2(1> (i.e., that of the Rydberg state |3)) by
an amount —|Q|?/A. & —2.13y»;. It is also clear that the
linear absorption characterized by Imxz(l) > (0 appears quite
weak because the probe field is far detuned from transition
|1) <> |2). Figures 2(b) and 2(c) show that the local (X3|Ep|2)
and nonlocal (x3|E,|*) nonlinear responses exhibit resonant
features near § ~ —2.13y,, as well, although the former is
much weaker than the latter. Hence, the total probe response
x2 shown in Fig. 2(d) is mainly determined by the comparable
linear (x.") and nonlocal nonlinear (3| E,|?) responses.

It is worth noting that the nonlocal nonlinear response
could (i) be made even stronger than the linear response by
increasing €2, because the former is proportional to |€2,[?
while the latter is independent of €2, [cf. Eq. (11)]; (ii) exhibit
a quicker rise than the linear and local nonlinear responses
as N, increases because XI(e3) is proportional to N> while x(¥

and Xz(l) are both proportional to N, [cf. Egs. (7), (10a), and
(10b)]. However, a few limitations have been imposed on the
two quantities before Eq. (11) is finally attained. First of all,
the probe field must be kept weak enough so as to ensure the
perturbation method valid. Second, there should be no more
than one Rydberg atom inside each blockade sphere, which
requires %nRiNapé? < 1 with p) o |2, being the lowest-
order nonzero component of Rydberg population ps33. Finally,
three-body correlations should be negligible when calculating
033.31(r', r) in Eq. (6), which requires 1 < %n(3Rb)3Na,o§§) <
2. This requirement indicates that there exist less than two,
but more than one, Rydberg atoms outside a blockade sphere
of radius R, and meanwhile inside a concentric sphere of
radius 3R;,. These limitations can be simultaneously satisfied
in the case of N, <5 x 10'° cm™3 and €, = 0.01y»; with
R, >~ 5 pm attained for the parameters used in Fig. 2.
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FIG. 2. (a) Linear Xz(l), (b) local nonlinear x(§3>|EP|2, and (c) nonlocal nonlinear )(1(e3)|Ep|2 susceptibilities as well as the (d) total probe
susceptibility x» plotted as a function of the double-photon detuning &/y»,. These susceptibilities are shown as pink-solid lines for their real
parts and as blue-dashed lines for their imaginary parts. The vertical red and gray lines refer, respectively, to § = —2.13y,; and 6 = —2.12y»;
as two cases of special interest. Other parameters used in calculations are I';; /27 = 6 MHz, '3, /27 = 3 kHz, y3 & y21 ® [21/2, y31 &
I'31/2, A,/27n = —160 MHz, Q./27 = 32 MHz, Q, = 0.01y»; equivalent to E, = 1.11 Vm™!, A, = 780 nm, u5; = 3.58 x 107 C m, and

N, =4.0 x 10" cm™3.

III. THE LATERAL SHIFT

In this section, we focus on typical characteristics of the
lateral shifts of both reflected and transmitted probe fields by
paying attention to the important roles of the nonlocal Kerr
nonlinearity. It is of particular interest to note from Fig. 2
that, in a narrow range of §, Imxz(l) and Im)(1%|E1,|2 have the
opposite signs so as to yield a reduced absorption coefficient
while ReXZU and Re)(13|Ep|2 have an identical sign so as to
yield an enhanced refractive index. These features, desired
for attaining large lateral shifts, inspire us to consider two
specific cases: (I) > —2.13y,; marked by the vertical red
lines, at which Re X2(1) vanishes as shown in Fig. 2(a) and Rex,

is mainly determined by Re Xz(e3); D) 6 >~ —2.12y»; marked

by the vertical gray lines, at which Imx,(f) well counteracts

Imxz(l) and a dip appears in Imy, as shown in Fig. 2(d). Note
that Imx > < 0in Fig. 2(b) and Imy " < 0 in Fig. 2(c) do not
mean an amplification of the probe field because the overall
probe response is determined by x, and the atomic medium
exhibits loss (gain) only if Imy, is positive (negative). We
further assume d; = d; =5 um and x; = x3 = 1.22 for the
two dielectric slabs. Then it is viable to calculate the lateral
shifts of reflected and transmitted probe fields via Eqs. (3a)
and (3b) after taking d, =95 um and yx, in Fig. 2(d) into
Eq. (2).

The case I corresponding to § = —2.13y»; is a situation
where the probe and coupling fields are at exact resonance
with the double-photon transition |1) <> |3). The total probe
susceptibility x, ~ 0.002 4+ 0.001i attained in this case has
been used to plot the reflection modulus |r|, the reflection
phase ¢,, and the lateral shift S, as shown by the orange solid
lines in Figs. 3(al), 3(b1), and 3(c1). We find from Fig. 3(al)
that a series of minima in reflection modulus appear at certain
incident angles, indicating cavity-like resonances between the
incident probe field and the three-layer system. Each of these
minimum is accompanied by a sharp change of reflection
phase, as shown in Fig. 3(b1). Based on Eq. (1), we can say
that such sharp phase changes will result in considerable lat-
eral shifts of the reflected probe field, as shown in Fig. 3(cl).
The largest lateral shift is seen to appear at 6 ~ 0.14 rad due
to a sudden change of ¢,, which is, however, meaningless as
|r| is exactly vanishing.

To have an insight into the contribution of Rydberg-
Rydberg interactions, we have presented relevant results
attained in the absence of a nonlocal Kerr nonlinearity, i.e.,
with 3o = 3" + xP|E, > ~ =5 x 1075 + 0.003i, as shown
by the gray dashed lines in Figs. 3(al), 3(bl), and 3(cl). A
direct comparison of these orange solid and gray dashed lines
shows that the lateral shift is evidently enhanced, when the
nonlocal Kerr nonlinearity is included with x 123) # 0, because
the oscillations of |r| and ¢, become more prominent. It is
also important that larger lateral shifts can be achieved with
stronger reflections as the incident angle increases. This is

044@h 0.7 1 @
= 021 (1] = os-
0 "'\_ __." 03 i T
(1) 1 (b2
R o) . (b2)
§ 2' --------- ._-.: ~§j '20_.
0 E -30
5] S| 40
sodety T 4] @
] : 351
< : MA < .1 '
T s AARAARRR < 25 ]
“ 5] s )
-50 s1 7
T T = T '
00 0.1 02 03 00 0.1 02 03
6 (rad) 0 (rad)

FIG. 3. (al) Modulus |r| and (bl) phase ¢, of the reflection
coefficient as well as the corresponding (c1) lateral shift S, are
plotted with orange solid lines as a function of the incident angle
6. For the transmitted field, |¢|, ¢;, and S; are plotted, respectively,
in panels (a2), (b2), and (c2). The gray dashed lines describe rele-
vant results attained in the absence of a nonlocal Kerr nonlinearity.
Relevant parameters are the same as in Fig. 2 except § = —2.13y,;
corresponding to case I.
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FIG. 4. (al) Modulus |r| of the reflection coefficient and (b1) the
corresponding lateral shift S, against the incident angle 6. For the
transmitted field, || and S, are plotted, respectively, in panels (a2)
and (b2). Relevant parameters are the same as in Fig. 2 except § =
—2.12y;; corresponding to case II.

more or less contrary to the usual trade-off in the sense that the
phase discontinuity on a lossless dielectric slab at resonance
can give rise to a giant lateral shift with null reflection [13]
while introducing weak absorption will yield minor but avail-
able reflection with an attenuated lateral shift [14,25]. It is thus
clear that Rydberg-Rydberg interactions can reduce some-
what the trade-off between the lateral shift and the reflection
modulus because Rex}f) (Imx,(f)) has a positive (negative)
contribution to Rey, (Imy»).

In Figs. 3(a2), 3(b2), and 3(c2), we plot modulus |¢| and
phase ¢, of the transmission coefficient as well as the lateral
shift S, with the orange solid referring to X,(f) # 0 while

the gray dashed lines referring to X,(;) = 0. It is seen that
the transmission modulus |¢| can be greatly enhanced while
the transmission phase ¢, remains roughly unchanged as the
nonlocal Kerr nonlinearity is included. In addition, the lateral
shift seems independent of the nonlocal Kerr nonlinearity for
smaller incident angles at which |¢f| and ¢, always change
smoothly with negligible oscillations. However, a difference
occurs at the incident angles 6 > 0.2 rad where |f| and ¢, start
to oscillate in the situation of X1(e3) # 0, yielding thus slightly
enhanced lateral shifts. It is of no doubt that greatly enhanced
lateral shifts will be attained due to stronger oscillations of |z|
and ¢, at larger incident angles (not shown) as the nonlocal
Kerr nonlinearity is included.

The case II corresponding to § >~ —2.12y»; is another in-
triguing situation where Rydberg-Rydberg interactions alter
the optical response of the atomic gas mainly via the imag-
inary part of the nonlocal Kerr nonlinearity. In this case, we
have indeed x> ~ 0.002 + 5i x 10~* where the much smaller
imaginary part indicates a minimum of the probe absorption
due to the negative interplay of Imy\ <0 and Imy® >
0. The further suppressed absorption then results in much
larger lateral shifts, which is clear if we compare Fig. 4(b1)
with Fig. 3(cl) to examine the lateral shift in reflection, and
Fig. 4(b2) with Fig. 3(c2) to examine the lateral shift in
transmission. It is also worth noting that the weaker prober
absorption leads to stronger oscillations and larger magnitudes

-0.6 .
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FIG. 5. (a) GH shift in reflection against incident angle for
N, = 2N, (orange dash-dotted line), 3N, (pink dotted line), 4Ny
(red dashed line), and 4.5N, (purple solid line) plotted with d, =
95.00 pum. (b) GH shift in reflection against incident angle for
d, = 95.00 um (purple solid line), 95.02 um (red dashed line), and
95.04 um (blue dotted line) plotted with N, = 4.5Ny. (c¢) GH shift
in reflection against thickness of the atomic gas for N, = 4N, (red
triangles) and 4.5N, (purple circles) plotted with 6 = 0.9426 rad.
Relevant parameters are the same as in Fig. 2 except Ny = 1.0 x 10'°
cm™3 and § = —2.12y», corresponding to case II.

in reflection [Fig. 4(al)] and transmission [Fig. 4(a2)], which
hold promising potentials in the realization of highly sensitive
sensors by exploiting relevant lateral shifts.

Applications of the enhanced lateral shifts have been ex-
plored, e.g., in measuring refractive index [48], displacement
[49], temperature [50], relative humidity [51], and chemical
vapors [52]. Taking the displacement sensor as an example, a
slight variation of the medium thickness inside a cavity can
lead to a dramatic adjustment of the lateral shifts in reflection
and transmission [17,53,54]. To this end, we note that our Ry-
dberg atomic gas has an amazing feature: Its optical response
is more sensitive to the atomic density than other usual atomic
gases because the nonlocal nonlinear susceptibility Xl(e3) is
proportional to N2 but not N, like the linear susceptibility X2(1)
and the local nonlinear susceptibility x'®. That means, the
contribution of two-body atomic correlations increases much
faster than that of one-body atomic excitations as the mean
interatomic distance becomes smaller. It is thus of interest to
examine how the lateral shift S, is controlled by the atomic
density N,.

In Fig. 5(a), we present the lateral shift S, against incidence
angle 6 in case II with different atomic densities. The results
suggest that one S, peak moves toward larger incident angles
and meanwhile become higher in magnitude when the atomic
density increases. The peak movement indicates a change of
the corresponding resonance point determined by the real part
of total susceptibility x», which can be enhanced by increasing
the atomic density. The peak enhancement, however, should
be a consequence of the suppressed absorption determined
by the imaginary part of total susceptibility x,, which can
be reduced by increasing the atomic density. In particular, a
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sharp and tall peak is observed at 6 ~ 0.9422 rad for N, =
4.5 x 10'° ¢cm~3, which cannot be further increased so as to
not break the validity of our perturbation calculations. This
sharp and tall peak is an excellent candidate for exploring
sensor applications, e.g., in the atomic layer thickness or
the displacement of one dielectric slab. We then examine in
Fig. 5(b) how it depends on the atomic thickness d, by plotting
S, for d = 95.00 um, 95.02 pm, and 95.04 pm, respectively.
It is found that the peak moves toward larger incident angles
with negligible profile and magnitude changes as the atomic
thickness d, increases. More importantly, the three S, peaks
seem to be about equally spaced for the three d, values of
equal difference and a dramatic change of S, seems to happen
due to a tiny change of d,, both of which are the desired effects
for building a highly sensitive sensor.

In Fig. 5(c), we present the dependence of lateral shift S,
on atomic layer thickness d, in a very small range of d;, €
[95.00, 95.05] pum. This is done for N, = 4.0 x 1010 ¢m—3
and 4.5 x 10! cm™3, which have been used to calculate the
red dashed and purple solid lines, respectively, in Fig. 5(a). We
have also chosen 6 = 0.9426 rad as denoted by the vertical
gray line in Fig. 5(b) where S, is seen to increase with d;
for a fixed atomic density. From Fig. 5(c), we can see that
an approximately linear relation holds between S, and d,
for both curves denoted by red triangles and purple circles.
Then a displacement sensor may be envisaged in case that a
slight change of atomic layer thickness d, is interpreted as
a small displacement of one dielectric slab. It is clear that
the slope of lateral shift against slab displacement depends
on the atomic density, a steeper slope indicating a larger
sensitivity is typically attained for a higher atomic density. We
estimate, in particular, that the displacement sensitivity is ap-
proximately 11.2 mm/um (3.2 mm/um) for N, = 4.5 x 10'°
cm™3 (4.0 x 10'% cm™3).

IV. CONCLUSIONS

In summary, we have investigated the lateral GH shifts
in both reflection and transmission for a probe field inci-
dent upon a three-layer system with a sandwiched Rydberg
atomic gas. Numerical results show that Rydberg-Rydberg
interactions can result in a remarkable nonlocal nonlinear
response, which is much stronger than the local nonlinear
response and meanwhile comparable to the linear response at
a quite low atomic density. In two particular cases referring
to different double-photon detunings, the nonlocal nonlinear
response manifests itself in a maximum of the refractive index
and a minimum of the absorption coefficient, respectively, in
the total response as it is added to the linear response. This

|

_QC

then leads to sharp reflection and transmission resonances in
both cases and hence enhanced lateral GH shifts at a series of
incident angles of the probe field. The sensitivity of enhanced
lateral GH shifts to density and thickness of the Rydberg
atomic gas are then explored in case II to envisage a promising
displacement sensor.
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APPENDIX: ONE-BODY DENSITY-MATRIX EQUATIONS

In addition to Egs. (5a) and (5b), other dynamic equa-
tions of one-body density-matrix elements are

0 .
—pi = — ({2,012 +c.c),

Al
o1 (Ala)
0 . .
P2 = 32033 — I'21020 — (iQ2:023 — i2,012 + C.C.),
(A1b)
0 .
5 PB = —T'32033 + ({2023 + c.c.), (Alc)
0 . . .
5 P2 = —gnpn Tt iS2cp22 — 12033 — IS, 031
—iN, f PV —Dppa. . (Ald)

One can obtain dynamic equations for two-body density-
matrix elements from above one-body equations, and then
solve them using the perturbation method as explained in
Sec. II. We are only interested in the third-order two-body
density-matrix element pg?y that determines the nonlocal

nonlinear susceptibility X,(f). It can be solved from the fol-
lowing equation:

QX(3) =q,

where x® (q) is a vector of the minimal number of third-order
(two-order) two-body (two-body and one-body) density-
matrix elements needed to get the desired solution, while
Q denotes the corresponding coefficient matrix composed of
some known parameters defined in Sec. II. To be more spe-
cific, we have

(A2)

X9 = [pg?ﬂ’ 102?31’ Pg?zl’ Pég?sl’ IOS,)ZP :0531,)237 pg?mv pg?n]T’
_M31 Q: —il'y3 0 Q:
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0 0 My 0 -9 Q
o 0o @ My 0
Q=lq. 0 - 0  Msy
- 0 @ 0 0 M
0 Q. 0 —Q, Q.
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0 0
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2) 2) (2)

(2) () (2) (2) (2) () (2)

_ (2) 2) T
q= QP[_p2l,12 + 03101 = P2 =31 12 T P21 a1 P33 05 02131 — P32 —P23 — Patass Pa1s —,031’13] :

with M3y = i(ga1 + I'a1), M3z = i(g31 + T'32), M3z = i(g21 + '), M3s = i(g21 + I'32) — V, M35 = i(g21 + g32), M3s = i(g21 +
823), My = i(g31 + g32) — V., Mag = i(g23 + g31), and Py = g1 831 + Q2.
The second-order two-body density-matrix elements in q obeys the following equations:

- (2)

2iga 0 2QF P31a1 L M8
0 2igy-V 29 AN I L7 I A3
1831 — c 03131 —1 P , (A3)
$2 Q iga1 +igad | pi7y, L Q.
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% %0 dstien ]| o, —apr!
At last, equations for relevant second-order one-body density-matrix elements are
T Tn i Q07|05 guPr + 8P
0 T3 iQ —iQ} 2 0
. . c c 033 — _QZ ] - (A4)
iQ - 0 —gn||,Q , iQ.P;
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