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Abstract

Using quantum coherent effects provides means to control nonlinear optical processes in various
media. We predict several new effects: for example, forward Brillouin scattering and enhancement
and control of coherent generation in the backward direction by applying only forward propagating
fields. The applications range from development of hyper-dispersive materials, improvement of
spatial resolution beyond diffraction limit to generation of squeezed and entangled light.
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FIG. 1. Adirsct reproduction of the firs: plate in which there was an indicatian of second harmonic. The
wavelength scele i3 in units of 100 A. The arrcw at 3472 A indicates the small bat dense image produced by the
second harmonic. The image of the primary heam at A242 A is very large doe to halation.

Ruby laser quartz

Nonlinear Optics started from here



Linear Optics
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Second and third harmonic generation
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Phase-matching
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Phase-matching
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Phase-matching can be done by
using crystal birefringence




Control of Coherent Generation

Motivation: controllable phase-matching 1s desirable to
— ecfficiently enhance nonlinear interaction, examples are
given for 3- and 4-wave mixing;

Applications: Generation of new frequency bands (X-
rays, THz); Generation of quantum states
of light (entanglement photons, squeezed
light); improvement high resolution

spectroscopy; improvement of spatial
resolution.

Conclusion: YES




Control of Phase matching for Nonlinear Wave Mixing

How? What is the way to implement
such an idea?



Control of Phase matching for Nonlinear Wave Mixing

How? What is the way to implement
such an idea?

Approach:

By using Coherence effects
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EIT in atomic media
Three-level atom

EIT in atomic media: Theoretically predicted: O. A. Kocharovskaya and Ya. I. Khanin, Zh. Eksp. Teor.
Fiz., Pis'ma Red 48, 581 (1988). [JEPT Lett. 48, 630 (1988)]; Experimentally observed: K. J. Boller, A.

Imamoglu and S. E. Harris, Phys. Rev. Lett. 66, 1360 (1992); V. Sautenkov, et al. PRA 71, 063804 (2005);
Reviews E. Arimondo, in Progrees in Optics, E. Wolf, ed. (Elsevier, Amsterdam, 1996), XXXV, 257-354;

Stephen E. Harris, Physics Today, July 1997, 36-42;
M. Fleishhauer, A. Imamoglu, J. Marangos, Rev. Mod. Phys. 77, 633 (2005).



Dark and Bright States
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Important remark
Hebin Li, et al., Optical imaging beyond the diffraction limit via dark states, PRA (2008).



Susceptibility of EIT medium
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Please, note here:

EIT can be applied to the search for
special relativity and CPT violations
that were among the topics of

A.D. Sakharov’s research

See, for example,
Phys Rev D66 056005 (2002), and
Contemporary Physics 47, 25 (2006).

Also EIT can be applied to clocks,
magnetometry, plasma diagnostics
including tokamak plasmas

See Anisimov PM, Akhmedzhanov RA,
Zelenskii IV, et al.
JETP 96, 801 (2003)
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EIT in various media

CW and pulsed regimes
S.E. Harris, Phys. Rev. Lett. 70, 552 (1993); ibid. 72, 52 (1994).
V. Sautenkov, Y. Rostovtsev, et al. Phys. Rev. A 71, 063804 (2005);

Atomic and molecular gases, room temperature
A.S. Zibrov, et al., Phys. Rev. Lett. 76, 3925 (1996);
S. Harris, A. Sokolov, Phys. Rev. Lett. 81, 2894(1998)

and BEC
J. Kitching and L.Hollberg, Phys. Rev. A 59, 4685, (1999)

in solids doped by rare-earth 10ons
B. S. Ham, et al., Opt. Commun. 144, 227 (1997);
B. S. Ham, et al., , Opt. Lett. 22, 1138 (1997)

in semiconductor quantum wells
A. Imamoglu, Opt. Commun. 179, 179 (2000);

D.E. Nikonov, A. Imamoglu, M.O. Scully, Phys. Rev. B59, 12212 (1999)

different wavelengths: from X-ray to microwaves
C.J. Wei, N.B. Manson, Phys. Rev. A60 2540 (1999);
R. Coussement, Y. Rostovtsev, J. Odeurs, et al.

Controlling absorption of gamma radiation via nuclear level anticrossing,

Phys. Rev. Lett. 89, 107601 (2002).
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Beating diffraction limit via EIT
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Theory: D.D. Yavuz and N.A. Proite, PRA 76, 041802 (2007),
J. Cho, PRL 99, 020502 (2007), A.V. Gorshkov, M.D. Lukin,

et. al. PRL 100, 093005 (2008)

Theory and experiment: H. Li, et. al. PRA (2008).
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Beating diffraction limit via EIT
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Motivation: go beyond the diffraction limit

——————————————————————————————

E .. __—"\ Many applications require a resolution of a
: . small fraction of the wavelength.

i 12274 :

l\ D )

——————————————————————————————

> Localization of atoms

—————————————————————————————

» High resolution microscopy

» Optical lithography

|

_____________________________

Classically, the best resolution 1s ~A/2.



Irtansity (ad, unils)

Transmission (ark. units)

A proof-of-principle experiment

Rb cell
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Four-wave mixing

Motivation:

Applications to Quantum Computing
Quantum sensing,

Generation of entangled light,
Generation of NOON states, etc.



Four-wave mixing




Using two forward propagating beams, we prepare
coherent grading in the medium
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Coherence at b-c transition at the two-photon resonance

5:7/1_wab=0



Coherence of b-c transition off the two-photon resonance

Pcb

5:1/1—wab<0



Using two forward propagating beams, we prepare
coherent grading in the medium

k] —»
kK2 —




Then, the third propagating beam is scattered in
the backward direction




Vy =V — V2 + V3
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Signal field is given by {14 ~ Qﬂbggei(-’\k—kka)ﬁ
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.' Estimation
fod
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NQO; (a resonant transition at wavelength 337 nm,
vibrational frequency of 750 em™!, 13.3 pum)
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Alternative Schemes

Ladder- A
a
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Atomic vapor

IR c (5D3/2)
d (6P1/2) 1
9 3
Q — d(5P1/2)
Q, Rb, 5.5 um
420 nm, 780 nm, 776 nm
b (56S1/2) Cs, 15.5 um

852 nm, 920 nm, 456 nm



The presented results based on
resonant steep dispersion of the medium

But could it be observed experimentally?



Dispersion of the index of refraction
Leads to angular dispersion

Sin®/SinE=n
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Angular dispersion

Prisms:
S 0 - 10!
AR

Diffraction gratings

Interferometers _k _
df/d\ = 1072 nm~1

What is angular dispersion of media
with excited quantum coherence?



Angular dispersion

Prisms:
" df/d\ =10+ nm™!
AR

Diffraction gratings

Interferometers _k _
df/d\ = 1072 nm~1

coherence

The medium with o ' ,
excited quantum ~ ° ngl db / d)\ = 103 nm 1
b



An ultra-dispersive medium controlled by coherent field
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Propagation equation
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Propagation of the probe beam




Propagation of the probe beam
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An ultra-dispersive prism build from EIT medium

(a)

£ Eikonal equation:

(V)% = k? = 5o

Bending angle is given by

“ﬁ iP s 0~ LL\VVn

(b) Configuration of probe and control fields inside Rb cell.
(c) Simplified levels diagram of Rb atom.




An ultra-dispersive prism: experimental results

el o T
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Angular dependence on detuning

Conclusion

We show that angular dispersion of the
prism is the six orders of magnitude is
higher than glass prisms and gratings.

Intensity (Arb. Units)
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Distribution of field vs position
(a) At the cell, (b) at 2 meter distance

Application to solids is very promising

V.A. Sautenkov, et al., Ultra-dispersive
adaptive prism, quant-ph/0701229



It might be nice...

But, is there any experimental implementation?



Proof-of-principle experiment in Rb atomic vapor
(work in progress at TAMU)

Rb, 6.8 GHz
780 nm, 776 nm



Proof-of-principle experiment in Rb atomic vapor
(work in progress)
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Proof-of-principle experiment in Rb atomic vapor
(work in progress)

Rb, 6.8 GHz
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Proof-of-principle experiment in Rb atomic vapor
(work in progress at TAMU)
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Application to Ruby Crystal and

Generation of THz
(work 1n progress at the Institute of Applied Physics RAS by
R. Akhmedzhanov’s group)

What 1s THZ?

THz Gap

microwaves visible Xx-ray v-ray

100 10% 106 109 102 10'% 10'¢ 102" 10 Hz
dc kilo mega giga tera peta exa zetta yotta
Frequency (Hz)
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Possible applications of ultrashort pulses of THz
radiation
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(b) Image obtained with pulsed THz spectroscopy and an integration window from 0.2 to 0.5 THz.
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Coherent generation of short THz pulses: from
atomic and molecular gases to solids

Ba, Ca, Rb,, K,, ...

Q, and Q, are optical fields in two-photon
resonance to excite coherence between
levels b and c. Q; is the IR field, and Q, is
generated THz radiation (V-A shown by
dashed lines, Ladder-V by solid lines).
Atomic medium: For example, Rb levels are
a =53y, b=10Py3, C = 6Py 3,

d(d’) = 8D3/2,5/2(9D3/2,5/2)-

M. Jain, H. Xia, G. Y. Yin, A. J. Merriam, and S. E.
Harris, Efficient nonlinear frequency conversion with
maximal atomic coherence, Phys. Rev. Lett. 77, 4326-
4329 (1996); M. D. Lukin, P. R. Hemmer, M. Loftler,
and M. O. Scully, Resonant enhancement of parametric

processes via radiative interference and induced
coherence, Phys. Rev. Lett. 81, 2675-2678 (1998)



Efficiency of the method
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Equations: 5= —7[Hp —5(Cp+ol) = = —Hafla = iNapa
= p&i/h ¢ = [ Fom(z, y)dzdy/S Ta =VaN s/ (2heqe)

Generated field is given by
M gE . sin(6kL) .
0y =€ f[; dze"* nr Pebily = & W?}Tpcb}lﬂg

(0k = kg —ka — k1 +ka), £ = 1

A7y N ppeTL ?
Mh

Efficiency:

I‘L
e=—4 sinc?(6kL) (
B

Note: depletion of Q; is not taken into account

Ky = A/D?



Coherent generation of THz radiation in Ruby at
room temperature

a) b)
A
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r ry 1
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0.38em™ § |
0 em™ L { 4 + a

FIG. 1: a) Three-level V' energy system in ruby proposed for
generation of 29 em™" THz pulses; b) Model V system of
energy levels with two co-propagating fields 1 and 2 inducing
coherence between levels b and c.
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Conclusion:

We show that in EIT atomic and molecular systems coherent
backscattering 1s possible. It allows one

* to generate spatially entanglement photon states,

e to control phase-matching,

* to perform nonlinear light steering,

e to improve spatial resolution

We have shown the experiments in support of theoretical results,
although some experiments are in progress.
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