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Ultradispersive adaptive prism based on a coherently prepared atomic medium
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We have experimentally demonstrated an ultra-dispersive optical prism made from a coherently driven
Rb atomic vapor. The prism possesses spectral angular dispersion that is 6 orders of magnitude higher than
that of a prism made of optical glass; such angular dispersion allows one to spatially resolve light beams with

different frequencies separated by a few kilohertz. The prism operates near the resonant frequency of atomic
vapor and its dispersion is optically controlled by a coherent driving field.
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I. INTRODUCTION

A single-frequency ray of light is bent by a prism at an
angle determined by the index of refraction [see Fig. 1(a)]. As
shown in [1], the dispersion of the index of refraction leads to
spread of deviation angles for different light frequencies.

Optical properties of matter, such as absorption, dispersion,
and a variety of nonlinear characteristics, can be manipulated
by electromagnetic fields [2-7]. For example, the applied
coherent fields can eliminate absorption, enhance the index of
refraction [8—10], induce chirality in nonchiral media[11], pro-
duce usually forbidden forward Brillouin scattering or strong
coherent backward scattering in ultradispersive resonant media
[12,13], slow down or speed up light pulses [14—16], provide
the optical imaging beyond diffraction limit [17], and the
optical analog of Stern-Gerlach experiment [18]. Optically
controlled giant nonlinearities may generate nonlinear signals
using single photons [19,20]. The enhanced nonlinearity can
be employed for quantum information storage [21] and for
manipulation of light propagating through a resonant medium,
such as stationary pulses of light in an atomic medium [22].

Here we experimentally demonstrate an ultradispersive
prism (we refer to it as “a prism” because it deflects light;
see Fig. 1). The prism is made of a coherently driven atomic
Rb vapor [4] that has a spectral angular dispersion (d6/dA ~
10 nm~"') at least 6 orders of magnitude higher than that
of glass prisms (d0/dA ~ 10~* nm~") or diffraction gratings
(dh/dr ~ 1073 nm™).

The physics of refraction of the ultradispersive coherently
driven atomic medium is based on exciting quantum coher-
ence. The wave vector k depends on the light frequency
v as

k= —n, (1)
C

where n is the index of refraction. Assuming that the
driving field has an inhomogeneous profile, then the index
of refraction has a spatial gradient. The light ray trajectories in
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an inhomogeneous medium can be found by solving an eikonal
equation [23] given by
(VW) =k*= —n’, )
c

where W is the phase of electromagnetic wave. Then the light
turning angle can be estimated as

0~ LVn. 3)

where n = /1 +4my,, L is the length of a medium, and
Vn is the gradient of the index of refraction in the direction
perpendicular to propagation. The atomic susceptibility of a
coherently driven three-level medium yx, [4] is given by
R — 2 — 802

(B + vy — 802)° + 802 (yp + ¥

Re[x,] = néw €]

where n =3A3Ny,/167w2, N is the density of Rb vapor,
y, is the spontaneous emission rate, y is the relaxation
rate at optical transition, Y, is the relaxation rate at the
long-lived lower frequency (spin) transition, €2, is the Rabi
frequency of control field, v is the frequency of the probe
field, 6w = v — wy;, is the detuning of the probe field from
atomic transition w,, = 2mwc/A; and A is the wavelength of
the resonant transition. Then, for realistic parameters, such as
Sw~1x10®s7!, yp =1x10° s7!, N ~ 10" cm™3, and
L = 10cm, the estimate yields 6 ~ 0.1, which shows a lot
of potential for implementation of the predicted effect. Note
here that the spatial dependence of gradient of the driving
field is important and, also, that the effect can be increased
even more by using an enhanced index of refraction without
absorption [8—10].

II. EXPERIMENTAL SETUP AND RESULTS

A schematic of an experimental setup is shown in Fig. 2.
We have used a highly coherent extended-cavity diode laser
(ECDL) [20] that is tuned to the center of the Doppler
broadened hyperfine component of the D1 line of 8’Rb [the
transition 581 2(F = 2) — 5Py »(F' = 1)]. A part of the output
laser is used to control the laser frequency by observing the
Doppler-free saturation resonance in the rubidium reference
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FIG. 1. (Color online) (a) Refraction of light by the prism.
(b) Configuration of the probe and control laser beams inside the
cell of Rb vapor. One can see that our setup can be viewed as an
ultradispersive prism. (c) Simplified scheme of the energy levels of
Rb atoms.

cell, which serves as the frequency reference. Another part
of the laser output is used to study the ultradispersive optical
prism. The beam is split into two beams, and the A/2 wave
plate rotates the linear polarization of one beam by 90°. After
passing through a polarizing beam splitter (PBS) and the
A/4 wave plate, the laser beams are sent to the glass cell
with rubidium atomic vapor. The configuration of the laser
beams in the cell is shown in Fig. 1(b). The orthogonally
polarized beams, control (P, = 0.5 mW) and probe (P, =
0.2 mW), create coherence between the ground-state Zeeman
sublevels as shown in Fig. 1(c). Two-photon detuning is
accomplished by applying the longitudinal magnetic field B.
The magnitude of Zeeman splitting is given by 0.7 B MHz/G.
The heated rubidium cell (( = 7.5cm, N =3 x 10! cm?) is
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Reference beam to CCD

FIG. 2. (Color online) Experimental setup: ECDL, external cavity
diode laser; PBS, polarizing beam splitter; GP, parallel glass plate;
A/2 and A/4, retardation wave plates, PSD, position-sensitive
detector; DSO, the digital storage oscilloscope; CCD, linear CCD
camera.
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installed inside of a two-layer magnetic shield, and two-
photon detuning is varied by changing the magnitude of the
longitudinal magnetic field. The transmitted optical beams
with the orthogonal polarizations are separated using a second
A /4 wave plate and another PBS. Then the probe beam is sent
to the data acquisition part of the setup.

We employ two independent techniques to measure the
probe beam position and the angle of deviation. Measurements
by both techniques are consistent with each other. The first
technique is based on using a charge-coupled device (CCD)
camera and a removable mirror in front of the cell to measure
the positions of the control and probe beams. The CCD
camera is used to record an optical field distribution for
selected two-photon detuning. In the second method, we
use a position-sensitive detector (PSD) [21] to accurately
measure the beam direction versus the two-photon detuning.
The distance from the center of the cell to PSD is 1 m, and that
to the CCD camera is 2.3 m. The influence of air currents
on the beams around the heated cell is negligible due to
the small variation of temperature inside the magnetic shield
(L = 0.4m). In addition, the optical paths are protected by
covers.

To study the frequency dependence of the probe beam
deflection, we record a signal from the PSD. The output voltage
from the PSD is proportional to the transverse shift of the
beam. The relation between the shift of the probe beam and
the signal from the PSD is calibrated by using a translation
stage. Before the cell, the control and probe beams are parallel
to each other. The control beam can be adjusted to the left
or to the right side of the probe beam profile by tilting a
parallel glass plate. The profiles of the beams are shown in
Fig. 3(a) for the case when the probe beam is shifted to the
right side of the control beam. The profiles have been recorded
by the CCD camera. Dependence of the angle of the probe
beam refraction on two-photon detuning for the probe beam is
presented in Fig. 4(a) as curve 1. The curve is dispersion-like
and it has a maximum and minimum at 0.5 and —0.2 mrad,
respectively. In addition, we have recorded the transmission
of the probe beam by using a removable mirror and a usual
photo detector. The EIT resonance is presented in Fig. 4(a) as
curve 2. Then we shift the probe beam to the left side of the
control beam profile. Frequency dependence of the angle and
EIT resonance is presented in Fig. 4(b). The dispersion-like
curve 1 has a maximum and minimum at 0.05 and —0.45 mrad.
The widths (FWHMSs) of EIT resonances are 0.5 MHz for the
both cases. The different offset for dispersion-like curves in
Figs. 4(a) and 4(b) can be attributed to single-photon saturation
of rubidium atoms. Near zero detuning, the dependences are
practically linear. They can be characterized by slopes d6/dv,
which can be estimated using the preceding parameters to be
of the order of 1 mrad/MHz. By using the obtained values
of the slopes at zero detuning, we can estimate d6/dA as
5 x 10? rad/nm.

The profiles of the probe beam after the rubidium cell are
recorded by the CCD camera. For the case when the probe
beam is on the right side of the pump beam the profiles of
the probe beams before the cell for two different two-photon
detunings are presented in Fig. 3(b). Curve 2’ in Fig. 3(b)
corresponds to the maximum angle deviation in Fig. 4(a) (0 =
0.5 mrad) and curve 2 in Fig. 3(b) corresponds to the minimum

063824-2



ULTRADISPERSIVE ADAPTIVE PRISM BASED ON A . ..

Intensity (Arb. Units)

(@) Position (mm)

1.8mm ‘

1.0 1

Probe Intensity (Arb. Units)

(b) Position (mm)

FIG. 3. (Color online) (a) Spatial distributions of the control (1)
and probe (2) fields at the input of the atomic cell (we have no
magnification of the optical beams). The probe is shifted to the right
with respect to the control field. (b) Spatial distributions of the probe
fields (2) and (2') at the distance of 2.3 m after passing the atomic
cell for different detunings corresponding to the maximal angles of
deviation.

angle deviation in Fig. 4(a) (¢ = —0.2 mrad). The width of the
probe beam is increased at a 2.3-m distance from the cell due
to diffraction (the diffraction opening for a Gaussian beam
profile is given by 2A/mr, where r is the radius of the laser
beam). For the data shown in Fig. 3(b), the displacement due
to the prism effect is larger than the spread of the probe beam
due to diffraction. The interval of 1.8 mm between the beam
profiles is in a good agreement with the angle deviation in
Fig. 4(a). The resolution and deflection angle can be increased
by using the rubidium cell with buffer gas, where the width
of EIT resonance can be reduced to 1 kHz. The results of the
simulations are discussed in Sec. III.

III. THEORY

The trajectory of the light rays propagating in an in-
homogeneous medium can be found by using the eikonal
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approximation [23]. Starting with the Maxwell equation,
which describes propagation of electromagnetic waves as

1 °E 47w 9°P
ez 32 2 a2’

and presenting the field and the polarization as

E = Z Eve—iut-ﬁ-ikw’ P = Z Pve—ivt+ik¢’ (6)
v v

AE &)

where the v is the eikonal, the polarization of the medium
is related to the field intensity as P, = x, E,, where the
susceptibility x, is x, = x|, +ix, . Neglecting the second-
order derivative over coordinates for amplitude E,, we obtain
the eikonal equation given by

(VY)Y = 1+4mx.. (7)

The trajectory of the light rays propagating in an inhomo-
geneous medium can be found by solving a geometrical optics
differential equation [23] that is given in vector form by

d { dR
—(n— ) = Vn, (8)
ds ds

where R is the the point of the ray, and n is the index of
refraction defined as n?> =1 + 4m x),. ﬁ(x,z) = X)X + zZ,
X and Z are the unit vectors along the axis. Then, for the x and
Z components,

d dxX on d dz on
—(n— )=, —(n—)=—. 9)
ds ds 0x ds ds 0z

The equation describing the amplitude of the electromag-
netic field can be obtained similarly to how we obtain Eq. (7),
and it is given by

4712

2ikVYVE, + ikV*YE, = —

S AE. (10)

The solution of the above equation has the following form:

Eo, < / 2700 > (11)
€X — S ).
N P 5 nc

The light turning angle 6 can be estimated by
W — Wgp AVg L ) AVg Yeo L
 kVy Vu D yaukD V. 'V,

E, =

0 , (12)

v, AV, . .
where we use 3—; ~ =% Dis the diameter of the beam,

the length of the sample is determined by residual absorption
k,indeed, k L = ”“h%?z/")L ~ 1, and for realistic parameters
w— g >~ 108 571,y =10 57!, and kD ~ 10° x 0.1 ~
104, V, can be of the order of 100 m/s, the estimation gives
us 6 =~ 0.1, which shows a lot of potential for all-optical light
steering.

We perform simulation using the density matrix approach
and the parameters of our experiment. The interaction Hamil-
tonian of the system can be written as

Vi = —h[Qie™ " |a) (b| + Qae”'"|a)(c| + H.c.],  (13)

where Q) = 12&12/h is the Rabi frequency of the probe
(drive) field, and wgp, @4, wep are the frequency differences
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FIG. 4. (Color online) Curve 1: Dependence of the deflection angle of the probe beam on detuning for the probe beam initially shifted to
the right (a) and to the left (b) with respect to the control beam. Curve 2: Dependence of the probe field transmission versus detuning.

between the corresponding atomic energy levels (see Fig. 1).
The time-dependent density matrix equations are given by
ap i 1
e —fl[Vl,p] - E(FP + o),
where I is the relaxation matrix. A self-consistent system also
includes the field propagation equations

092 . 192 .
— =—iG1pap, —— = —iG2p4c,
0z

9z

where G; =2n N pjzvj /c are the coupling constants (j =
1,2), and N is the particle density of the medium. The
equations of motion for the density matrix elements of the
polarization p,; and the coherence p., are given by

(14)

15)

(16)
a7)

—LapPab + 121 (Paa — Pb6) — 1025,
_Fcbpcb + i/Ocan - iPahﬂz,

Pab =

Peb =

where T’y = Yab + i (@ap — V1), Tea = Vea — i{@ge — 12),

Cep = Yep + i(wep — V1 + 12), wep 1s the frequency of the c-b

transition, and y,g are the relaxation rates of coherence at the
corresponding transitions.

Assuming that the drive field is much stronger than the

probe field (|Q;|*> <« |2|%), then pp, =~ 1, and the suscepti-

bility is given by

_ —i nrcb
M T T + 1P
The index of refraction is n >~ 1 + 2w Re[ x,, ], and the angle
of refraction can be found by solving
9 tan 6 Xy, 2minT e 3|22
=27 =Re .
0z 0x (TepTap + 1£2:]%)? ox

For our case the refraction angle is small, so tan6 ~ 6, and is
given by

(18)

19)

(20)

L 9 /
o= 2n/ a5
0 8x

where L is the length of the cell.
The numerical results are shown in Fig. 5. We use the
following parameters for the simulations: the atomic density

isN =3 x 10" cm™3, the Doppler width is A p = 500 MHz,
the homogeneous broadening of optical transitions is purely
due to the radiative broadening determined by spontaneous
relaxation and is given by y, = 6 MHz, the spin transition
relaxation is y., = 0.01y, kHz, determined by the time-of-
flight broadening (direct measurement of spin relaxation for
our setup is given in [30]), and the Rabi frequency of the
driving field 2, = 4y,. The simulations reproduce perfectly
the experimental results as well as the features that can be seen
in the experimental plots in Fig. 3 at zero detuning.

The observed feature is paradoxical. Indeed, the dispersion
of the probe beam at the center of the optical line is 0 [see
Eq. (18)], hence the derivative should be 0 too. On the contrary,
we have observed the refraction of the probe beam at the
zero frequency. The explanation is the following. The feature
appears to be due to spatial inhomogeneity of the driving field,
which results in a reshaping of the probe beam such that the
position of the maximum spatial distribution of the probe beam
experiences a shift during propagation through the medium
with inhomogeneous distribution of the drive field. The shift
in the maximum of the probe beam distribution depends on
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FIG. 5. (Color online) Calculated dependence of the deflection
angle of the probe beam on detuning for the probe beam vs. two-
photon detuning.
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two-photon detuning and explains “refraction” of the probe
beam at zero detuning. We find the shift of the beam by solving
Eq. (15) (the shiftis of the order of the spatial width of the probe
beam at two-photon resonance). Taking this shift into account
reproduces satisfactorily the feature experimentally observed.

Also, here we should note that in order for the setup to
be considered as a prism with a high-frequency dispersion,
the different frequencies should be spatially resolved, which
establishes a condition on the diameter of the optical beams.
The spatial resulution should match the spectral resolution.
Without such matching the device would just deflect the
optical beam at the same angle, without separation for different
frequencies. Thus, the condition for being able to observe the
frequency separation of the probe beam is §¢ ~ Z—f(SA > % (D
is the diameter of the probe beam); the angular separation due
to frequency dispersion should be bigger than the diffraction
of the beam. The optical beams should be wider than D >

Up _ . . .
ey = 2 mm, which is experimentally doable.

IV. CONCLUSION

In conclusion, we have experimentally demonstrated an
EIT prism yielding large angular dispersion. The obtained
results show the dependence of the angle of deviation on the
detuning that is introduced by a magnetic field. It follows from
Eq. (3) that the angle of deviation is related to the dispersion
of the medium and the space gradient. Alternating the sign of
the spacial gradient by shifting the probe beam, we can see
the change in the dependence of the angle of deviation on the
two-photon detuning.

The scheme holds promise for many applications. Such
ultrahigh-frequency dispersion could be used for a compact
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high spectral resolution spectrometer, similar to compact
atomic clocks and magnetometers [29]. The prism has a huge
angular dispersion (d6/d = 10° nm~"), which can spatially
resolve spectral widths of a few kilohertz, with a corresponding
spectral resolution R = A/8A =~ 10'2 (One can see that our
approach hold promise; indeed recently, for example, the
1-mm-length spectrometer has shown a resolution of 400 [28]).
We have observed the angle of deviation to be an order
of magnitude larger than the one previously observed in an
inhomogeneous magnetic field [18]. We emphasis that the
angle can be increased even further by using the enhanced
index of refraction without absorption [8—10].

The ability to control the direction of light propagation by
another light beam in transparent medium can be applied to
optical imaging and to all-optical light steering [27]. Also,
this prism can be used for all-optical controlled delay lines for
radar systems. This technique can be easily extended to short
pulses by using the approach developed in [26].

In contrast, together with its application to relatively
intense classical fields, the ultradispersive prism can be
applied to weak fields, such as a single-photon source, and
control of the flow of photons at the level of a single
quantum [19,20].
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