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Efficient infrared imaging upconversion via quantum coherence
Robert W. Boyda)

Institute of Optics, University of Rochester, Rochester, New York 14627

Marlan O. Scully
Department of Physics and Institute for Quantum Studies, Texas A&M University, College Station,
Texas 77843

~Received 28 August 2000; accepted for publication 9 October 2000!

We show that quantum coherence can be used to achieve marked improvement in the efficiency of
the process of infrared upconversion. In one particular example which we analyze in detail, we show
that it is possible to convert infrared radiation at a wavelength of 100mm to the visible with
essentially 100% efficiency while maintaining diffraction-limited imaging of the infrared field.
© 2000 American Institute of Physics.@S0003-6951~00!03448-3#
e
e
ns
le
n
g

ns
ed
m

e
-
e
n

pl

n
o
d
o

la
ea
o
le
ed
i

e
-
m
iu

e
at

ed
t
t
m

.
wn
er

ate

ion
ting
ix

der

at

tity
e
,
s
ec-

an-
ap-

at

er-
in

di-
ma
Infrared upconversion1 is a well-established techniqu
for converting a light field from the infrared portion of th
electromagnetic spectrum to the visible, where highly se
tive and low-noise radiation detectors are readily availab2

This conversion is achieved by generating the sum freque
of the infrared radiation and one or more laser fields throu
use of second- or third-order nonlinear optical interactio
Infrared upconversion can provide near diffraction-limit
performance in converting weak astronomical infrared i
ages to the visible under continuous-wave conditions,3 and
can provide reasonably good conversion efficiency wh
used with pulsed laser sources.4 However, the general use
fulness of this technique has been limited by the low conv
sion efficiencies that have in the past been achievable o
steady-state basis when infrared upconversion is im
mented using cw laser sources.

In this letter, we propose a technique for infrared upco
version that should be able to produce essentially unit c
version efficiency from the infrared to the visible on a stea
state basis. Our proposed method is based on the use
phase-coherent atomic ensemble~phaseonium! that can be
used to render a material system transparent to resonant
radiation, while retaining the large and desirable nonlin
optical properties associated with the resonant response
material system.5 Our method should be generally applicab
for upconversion of wavelengths from the near infrar
through the submillimeter spectral regions; however, we
lustrate this technique for the particular example of conv
sion of radiation of 100mm wavelength by a four-wave in
teraction in atomic sodium vapor. We note that su
frequency generation resonantly enhanced by sod
Rydberg levels has been observed previously.6 We note fur-
ther that recent experiments in Rb87 have demonstrated th
inverse of the process considered here, that is, the gener
of infrared radiation using quantum coherence.7

In the 30 yr since the initial demonstrations of infrar
upconversion, dramatic improvements have been made in
performance of semiconductor infrared detectors. None
less, the technique proposed here holds considerable pro
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for use at wavelengths of 100mm and longer, where im-
provements in detector perforamce are still being sought

Let us consider the nonlinear optical interaction sho
in part ~a! of Fig. 1, where four optical waves interact und
nearly resonant conditions in an atomic vapor. Herev1 and
v4 are strong saturating laser fields which partially popul
levels a and d and induce a coherencerad

(`) between them.
The infrared field to be detected is designatedv2 , and the
upconverted field is at frequencyv35v11v22v4 . We
next show that the presence of the strong fieldsv1 and v4

significantly enhances the efficiency of the upconvers
process. We quantify the atomic response by calcula
rcd5rcd(v3), that is, the amplitude of the density matr
element oscillating at the upconverted frequencyv3 . We
calculate the contributions to this quantity that are first or
in the weak fields~that is, the infrared field at frequencyv2

and the upconverted field at frequencyv3) and correct to all
orders in the amplitudes of the strong saturating fields
frequenciesv1 and v4 . The equation of motion forrcd is
given under these conditions by

ṙcd52Gcdrcd1 iV2rad
(`)1 iV3rdd

(`) , ~1!

which leads to the steady-state solution

rcd5 i ~V2 /Gcd!rad
(`)1 i ~V3 /Gcd!rdd

(`) . ~2!

In these equations, we have introduced the complex quan
Gcd5gcd2 iD3 , wheregcd is the total dephasing rate of th
cd coherence andD35v32vcd is the detuning. In addition
V25mcaE2 /\ andV35mcdE3 /\ are the coupling strength
induced by the infrared field and upconverted fields resp
tively, andrad

(`) is the coherence andrdd
(`) is the population

established by the strong saturating fields. These two qu
tities are given by lengthy expressions that have already
peared in the literature8 and which will not be reproduced
here. However, a crucial aspect of our technique is thatrad

(`)

and rdd
(`) are quantities of the order of unity if the fields

frequenciesv1 and v4 are saturating fields. It is for this
reason that our method leads to highly efficient upconv
sion, and also for this reason we prefer to write our results
terms of the quantitiesrad

(`) andrdd
(`) rather then in terms of

their functional forms. Also, sincerad
(`) andrdd

(`) depend only
weakly upon the field amplitudes under saturating con
il:
9 © 2000 American Institute of Physics
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tions, we prefer to express the nonlinear response no
terms of a third-order susceptibilityx (3) but rather in terms
of effective linear susceptibilities describing the absorpt
and conversion processes. These quantities are de
through the relationP(v3)5xabs

(eff)(v3)E31xcon
(eff)(v3)E2. Since

the polarization is related to the density matrix elements
P(v3)5Nrcdmdc , we find that

xcon
(eff)~v3!5

iNmdcmcarad
(`)

\Gcd
,

~3!

xabs
(eff)~v3!5

iNmdcmcdrdd
(`)

\Gcd
.

The quantityxcon
(eff)(v3) can be alternatively interpreted as

Raman susceptibility as it gives the response at frequencyv3

in terms of the applied field at frequencyv2 . Of course, the
propagation of the signal infrared field will also be infl
enced by the nonlinear interaction, and we can describe t
interactions by analogously defined susceptibilities which
given by

xcon
(eff)~v2!5

iNmacmcdrda
(`)

\Gca
,

~4!

xabs
(eff)~v2!5

iNmacmcaraa
(`)

\Gca
,

whereGca5gca2 iD2 , andD25v22vca . From these sus
ceptibilities, coupled amplitude equations can be derived
the standard manner. We find that

dA2

dz
52a2A21k2A3e2 iDk z,

~5!
dA3

dz
52a3A31k3A2eiDk z,

where Dk5k11k22k32k4 where a i5(2p iv i /nic)xabs
(eff)

and k i5(2p iv i /nic)xcon
(eff) . These coupled amplitude equ

tions can be solved in closed form, but for our present p
poses it is more germane to use these equations to m
simple estimates of the efficiency that can be achieved
upconversion enhanced by quantum coherence.

Let us consider the particular example shown in part~b!
of Fig. 1, which shows infrared upconversion based on
four-wave interaction in atomic sodium vapor. Here the le

FIG. 1. ~a! Use of quantum coherence to enhance the efficiency of infra
upconversion. Herev2 represents an infrared field which is converted to t
visible at frequencyv3 . The drive fieldsv1 andv4 populate levelsa andd
and create a strong coherence between them, which dramatically incr
the efficiency of the upconversion process.~b! A particular example of
infrared upconversion, based on a four-wave interaction in atomic sod
vapor.
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elsa, b, c, andd of our general formalism correspond to th
sodium 11p, 3s, 12s, and 3p levels, respectively. This ex
ample corresponds to the situation of converting radiat
from a wavelength of 100mm to visible radiation at 425 nm
For simplicity, in our present calculations we ignore the
fects of fine and hyperfine structure. From standa
references9 we obtain the oscillator strengths for each of t
relevant transition, and when converted to dipole transit
moments ~assuming z-polarized radiation in all cases!
we find that m(3s→3p)52.467ea0 , m(3s→11p)
50.0121ea0 , m(11p→12s)521.62ea0 , andm(3p→12s)
50.019ea0 .

Our theoretical formalism presupposes that we are a
to saturate the 3s to 3p and 3s to 11p transitions. Ideally
one would want to saturate the entire Doppler distributio
although the basic interaction described by our formulas
occur as long as at least one Doppler subgroup is satura
The criterion for saturating one Doppler subgroup is that
Rabi frequencyV/2p of each saturating field be greater tha
the 10 MHz homogeneous linewidth of the 3s to 3p transi-
tion. This criterion leads to the requirements thatI 4

.13 mW/cm2 and that I 1.500 W/cm2. These criteria are
easily met with current cw tunable laser sources. The m
restrictive condition that the entire Doppler profile be sa
rated requires that the Rabi frequencyV/2p of each saturat-
ing field be greater than the approximately 1 GHz inhom
geneous linewidth of the transitions. This condition leads
the requirements that I 4.130 W/cm2 and that I 1

.5 MW/cm; it is unlikely that this second condition can b
met with current laser sources. The implication of this co
clusion is that only some fraction~on the order of 1%! of the
atoms within the interaction region can contribute to t
quantum-coherence-enhanced upconversion process. N
theless, we shall see that high-efficiency upconversion
occur.

In order for upconversion to occur with good efficienc
the infrared and upconverted waves must undergo neglig
absorption, appreciable coupling must occur over the len
of the interaction region, and the phase matching condit
Dk50 must be satisfied. We now address these requirem
in turn. For absorption to be negligible, it is necessary t
the real parts of the absorption coefficientsa i of the coupled
amplitudes Eq.~5! be sufficiently small that negligible ab
sorption occurs over the characteristic distance scale~on the
order of 1/uk3u) of the interaction. Since both the real and t
imaginary parts of the coupling coefficientsk i lead to the
growth of the upconverted field, it is possible to ensure t
coupling is much larger than absorption by choosing the
tunings of fields 1 and 2 to be sufficiently large. It is al
necessary that appreciable conversion occurs over the le
of the sodium cell. We have found that these conditions
be met under the following conditions: We assume a sod
number density of 1016cm23, with a corresponding effective
number density that is 100 times smaller. We also assu
that the detuningsD2 /2p andD3/2p are equal to 1 GHz. We
then find that Rea250.25/cm, Rea356.231025/cm, and
uk2u5uk3u56.2/cm. Under these conditions essentially co
plete conversion of infrared to visible occurs in a path len
on the order of 0.5 cm.

The requirements on phase matching are addresse

d

ses

m



n
m
h
ra

e
ltin
ag
hu
im
c

ic
um
o
.

ion
e

th
to
a
o
o
n
io

ec

nd
ith
d

the
s.
be
of

ve-
eful
ed

the
us-

s of
a-
ing

pt.

,

.

v.

3561Appl. Phys. Lett., Vol. 77, No. 22, 27 November 2000 R. W. Boyd and M. O. Scully
the following manner. First, we note that satisfying the lo
gitudinal phase-matching condition is of only secondary i
portance for an interaction of the sort shown in Fig. 1. T
reason is that because of strong saturation of the lower t
sitions, the drive fieldsv1 andv4 will possess their vacuum
wave vectors. Also, because of this saturation, the chang
wave vectors of the infrared and upconverted waves resu
from the material response will be of the same order of m
nitude as the nonlinear coupling between these waves. T
to first order, the phase matching condition need not be
posed, because there is no way that the interacting waves
get out of phase with each other in the distance over wh
they undergo a complete interchange of energy. This circ
stance has been described previously in the context of n
linear optical interactions with maximal atomic coherence10

If it is desired that the longitudinal phase matching relat
be met precisely, a small angle can be introduced betw
the propagation directions of the two drive fields to alter
longitudinal components of their wave vectors in order
satisfy the phase matching condition. The transverse ph
matching relation ensures that each infrared direction
propagation will produce a unique upconverted direction
propagation. Previous work has shown that diffractio
limited performance can be achieved from the upconvers
process.3,4 In principle, phase matching relations establish
fundamental limitation to the maximum breadth of the sp
tral bandwidth of an infrared upconverter,1 although for the
particular design described here it is likely that the ba
width will be set by a decrease in coupling strength w
increasing detuning and an increase in absorption with
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creasing detuning, leading to a bandwidth on the order of
nominal detuning of the fields from the atomic resonance

In summary, we have shown that phaseonium can
used to achieve dramatic improvements in the efficiency
the process of infrared upconversion. With these impro
ments, upconversion could prove to be a generally us
technique for radiation detection, especially in far infrar
and at terahertz frequencies.
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reliable values of sodium transition moments.
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