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Efficient infrared imaging upconversion via quantum coherence
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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 A60to the visible with
essentially 100% efficiency while maintaining diffraction-limited imaging of the infrared field.
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Infrared upconversidnis a well-established technique for use at wavelengths of 10@m and longer, where im-
for converting a light field from the infrared portion of the provements in detector perforamce are still being sought.
electromagnetic spectrum to the visible, where highly sensi- Let us consider the nonlinear optical interaction shown
tive and low-noise radiation detectors are readily availdble.in part(a) of Fig. 1, where four optical waves interact under
This conversion is achieved by generating the sum frequencgearly resonant conditions in an atomic vapor. Hegeand
of the infrared radiation and one or more laser fields throughw, are strong saturating laser fields which partially populate
use of second- or third-order nonlinear optical interactionslevelsa andd and induce a coherengsy between them.
Infrared upconversion can provide near diffraction-limited The infrared field to be detected is designated and the
performance in converting weak astronomical infrared im-upconverted field is at frequencys=w;+ w,—w,. We
ages to the visible under continuous-wave conditbasd  next show that the presence of the strong fieldsand w,
can provide reasonably good conversion efficiency whersignificantly enhances the efficiency of the upconversion
used with pulsed laser sourckslowever, the general use- process. We quantify the atomic response by calculating
fulness of this technique has been limited by the low converpcd=pcda(@s), that is, the amplitude of the density matrix
sion efficiencies that have in the past been achievable on @lement oscillating at the upconverted frequengy. We
steady-state basis when infrared upconversion is implecalculate the contributions to this quantity that are first order
mented using cw laser sources. in the weak flelds{that iS, the infrared field at frequen(zzyz

In this letter, we propose a technique for infrared upcon-and the upconverted field at frequensy) and correct to all
version that should be able to produce essentially unit conorders in the amplitudes of the strong saturating fields at
version efficiency from the infrared to the visible on a steadyffequenciesw; and w,. The equation of motion fopq is
state basis. Our proposed method is based on the use ofd#en under these conditions by
phase-coherent atomic ensemlfdaseoniumn that can be .o ; () | ; ()
used to render a material system transparent to resonant laser ¢~ Feapea®€opad +1€spaq @)
radiation, while retaining the large and desirable nonlineamhich leads to the steady-state solution
optical properties associated with the resonant response of a ) ) "
material system.Our method should be generally applicable Pea=1(Q22/Teq) plg) +1(Qa/T e piiy - @
for upconversion of wavelengths from the near infraredin these equations, we have introduced the complex quantity
through the submillimeter spectral regions; however, we ilT_,=y.,—iA3, wherey.q4 is the total dephasing rate of the
lustrate this technique for the particular example of convercd coherence and ;= w;— w.q is the detuning. In addition,
sion qf ragiation of 100m'1 wavelength by a four-wave in- (,=u E,/% andQ;= u.4E3/% are the coupling strengths
teraction in atomic sodium vapor. We note that sum-induced by the infrared field and upconverted fields respec-
frequency generation resonantly enhanced by sodiurively, andp(? is the coherence andl;) is the population
Rydberg levels has been observed previofisije note fur-  established by the strong saturating fields. These two quan-
ther that recent experiments in Ethave demonstrated the tities are given by lengthy expressions that have already ap-
inverse of the process considered here, that is, the generatipeared in the literatufeand which will not be reproduced
of infrared radiation using quantum cohererice. here. However, a crucial aspect of our technique is piat

In the 30 yr since the initial demonstrations of infrared gnd P((fé) are quantities of the order of unity if the fields at
upconversion, dramatic improvements have been made in tifeequenciesw; and w, are saturating fields. It is for this
performance of semiconductor infrared detectors. Nonethreason that our method leads to highly efficient upconver-
less, the technique proposed here holds considerable promisgn, and also for this reason we prefer to write our results in
terms of the quantitiep7 andp{; rather then in terms of

aAuthor to whom correspondence should be addressed: electronic maith€ir functional forms- Also, S_inCﬁéfé) andpg? deper_md only _
boyd@optics.rochester.edu weakly upon the field amplitudes under saturating condi-
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@ ) elsa, b, ¢, andd of our general formalism correspond to the
o c 12s sodium 1), 3s, 125, and 3 levels, respectively. This ex-

/ o 100 un/ ample corresponds to the situation of converting radiation
TN ’ +25 nm from a wavelength of 10@m to visible radiation at 425 nm

d For simplicity, in our present calculations we ignore the ef-

fects of fine and hyperfine structure. From standard

/ 248 nm / referencelwe obtain the oscillator strengths for each of the
589 nm o . .

relevant transition, and when converted to dipole transition

moments (assuming z-polarized radiation in all casgs

FIG. 1. (a) Use of quantum coherence to enhance the efficiency of infraredV€ find that w(3s—3p)=2.467ea;, u(3s—11lp)
upconversion. Here, represents an infrared field which is converted to the = 0 012leaqy, m(1llp—12s)=21.62eay, and u(3p—12s)
visible at frequencyv;. The drive fieldsw, andw, populate levels andd 019 3.

and create a strong coherence between them, which dramatically mcreases O th tical f l that bl
the efficiency of the upconversion procegk) A particular example of ur theoretical Tormalism presupposes that we aré able
infrared upconversion, based on a four-wave interaction in atomic sodiunt0 Saturate the 8to 3p and 3 to 11p transitions. Ideally
vapor. one would want to saturate the entire Doppler distribution,
although the basic interaction described by our formulas can

tions, we prefer to express the nonlinear response not iAccur as long as at least one Doppler subgroup is saturated.
terms of a third-order susceptibility® but rather in terms  The criterion for saturating one Doppler subgroup is that the
of effective linear susceptibilities describing the absorptionRabi frequency)/27 of each saturating field be greater than
and conversion processes. These quantities are defindde 10 MHz homogeneous linewidth of the & 3p transi-
through the relatioP(w3) = x &0 (w3)Es+ x&M(w3)E,. Since  tion. This criterion leads to the requirements thia

the polarization is related to the density matrix elements by>13 mWi/cnt and thatl,>500 W/cnf. These criteria are

P(w3) =Npcgitge, We find that easily met with current cw tunable laser sources. The more
iN () restrictive condition that the entire Doppler profile be satu-
Xéﬁfrf,)(wg) _ MHdcHcaPad , _rated_ requires that the Rabi frequer(t_iyﬁfr of each sa_turat—
hlcq ing field be greater than the approximately 1 GHz inhomo-
1N dpgﬁ) 3 geneous Ii.newidth of the transitions. This condition leads to
XM (wz)= ﬁcr—c the requirements thatl,>130W/cnf and that I,
cd >5 MW/cm; it is unlikely that this second condition can be

The quantityy(¢™(w;) can be alternatively interpreted as a met with current laser sources. The implication of this con-
Raman susceptibility as it gives the response at frequercy clusion is that only some fractiofn the order of 1%of the
in terms of the applied field at frequenay,. Of course, the atoms within the interaction region can contribute to the
propagation of the signal infrared field will also be influ- quantum-coherence-enhanced upconversion process. None-
enced by the nonlinear interaction, and we can describe theskeless, we shall see that high-efficiency upconversion can
interactions by analogously defined susceptibilities which areccur.
given by In order for upconversion to occur with good efficiency,
iN () the infrared and upconverted waves must undergo negligible
NHackcdPda , absorption, appreciable coupling must occur over the length
hl'ca of the interaction region, and the phase matching condition
4 Ak=0 must be satisfied. We now address these requirements
in turn. For absorption to be negligible, it is necessary that
the real parts of the absorption coefficientsof the coupled
wherel' ;= yc,—iA,, andA,=w,— w.,. From these sus- amplitudes Eq(5) be sufficiently small that negligible ab-
ceptibilities, coupled amplitude equations can be derived irsorption occurs over the characteristic distance s@alethe

ff
Xf:%n)(w2) =

iNackcaple
m _ acMcaPaa
Xg%s)(wz)—T,

the standard manner. We find that order of 1/«5|) of the interaction. Since both the real and the
imaginary parts of the coupling coefficienks lead to the
%: — oAyt KpAge 18K growth of the upconverted field, it is possible to ensure that
dz coupling is much larger than absorption by choosing the de-
dA3 (5)  tunings of fields 1 and 2 to be sufficiently large. It is also
e — agAgt kaAe Ak necessary that appreciable conversion occurs over the length

of the sodium cell. We have found that these conditions can
where Ak=k;+k,— k3 k4 where aj=(27iw;/nic)x$H  be met under the following conditions: We assume a sodium
and «;= (27 w; /Inic) x'¢ . These coupled amplitude equa- number density of #§cm™3, with a corresponding effective
tions can be solved in closed form, but for our present purnumber density that is 100 times smaller. We also assume
poses it is more germane to use these equations to makieat the detuninga, /27 andA /27 are equal to 1 GHz. We
simple estimates of the efficiency that can be achieved ithen find that Rer,=0.25/cm, Rey;=6.2x10 °/cm, and
upconversion enhanced by quantum coherence. | k5| =] k3| =6.2/cm. Under these conditions essentially com-
Let us consider the particular example shown in flart plete conversion of infrared to visible occurs in a path length
of Fig. 1, which shows infrared upconversion based on an the order of 0.5 cm.
four-wave interaction in atomic sodium vapor. Here the lev-  The requirements on phase matching are addressed in
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the following manner. First, we note that satisfying the lon-creasing detuning, leading to a bandwidth on the order of the
gitudinal phase-matching condition is of only secondary im-nominal detuning of the fields from the atomic resonances.

portance for an interaction of the sort shown in Fig. 1. The In summary, we have shown that phaseonium can be
reason is that because of strong saturation of the lower trarused to achieve dramatic improvements in the efficiency of
sitions, the drive fields; and w, will possess their vacuum the process of infrared upconversion. With these improve-
wave vectors. Also, because of this saturation, the change iments, upconversion could prove to be a generally useful
wave vectors of the infrared and upconverted waves resultingechnique for radiation detection, especially in far infrared

from the material response will be of the same order of magand at terahertz frequencies.

nitude as the nonlinear coupling between these waves. Thus, )

to first order, the phase matching condition need not be im- This work was supported by the ONR, the NSF, an_d the
posed, because there is no way that the interacting waves C()i}ﬁelsh.Foundatlon. The authors qcknowledge useful discus-
get out of phase with each other in the distance over whic/§ion With C. R. Stroud, Jr. regarding fundamental aspects of
they undergo a complete interchange of energy. This circumthe EIT interaction, with D. Wat_son regarding current mfrg-
stance has been described previously in the context of noi€d detector technology, and with T. F. Gallagher regarding
linear optical interactions with maximal atomic cohereffte. reliable values of sodium transition moments.
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