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Efficient Nonlinear Frequency Conversion in an All-Resonant Double-A System
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We demonstrate efficient, pulsed, gas-phase, nonlinear frequency conversion in a quadruply resonant,
double-A system and, simultaneously, verify theoretical predictions of Rabi-frequency matching unique
to absorbing nonlinear media. This system is used to up-convert ultraviolet light at 233 nm to the
vacuum ultraviolet at 186 nm in atomic Pb vapor with small-signal conversion efficiencies exceeding
30% and with modest atomic density-length (NL) products (scale 10'* cm™2) and optical power densities

(10—100 kW/cm?).

PACS numbers: 42.50.Gy, 42.50.Hz, 42.65.Ky, 42.79.Nv

It has been shown that the techniques of electromagnet-
ically induced transparency (EIT) may greatly improve the
efficiency of gas-phase nonlinear optical processes [1,2].
EIT facilitates the preparation of near-maximal coherence
of adipole-forbidden transition without absorption or self-
phase modulation of the applied fields; the phase-coherent
atomic ensemble thus created acts as a strong local oscil-
lator which may mix with the spectral components of the
applied fields to generate a corresponding spectrum of sum
or difference frequencies. Previous work in both the gas
[1,2] and solid [3] phases has focused on the reactive case
(i.e., large detuning of the generated frequency from any
resonances and near-lossless propagation) and has demon-
strated efficient parametric frequency conversion to the ul-
traviolet and vacuum ultraviolet (VUV).

Inthis Letter, we explore gas-phase, nonlinear frequency
up-conversion in aquadruply resonant atomic system. This
atom-field combination is known as a resonant double-A
configuration and has been studied in the context of EIT
[4], lasers without inversion [5], and nonlinear optics [6].
The short-wavelength up-converted radiation is generated
directly on resonance under conditions where, in the ab-
sence of the other fields, it would be strongly absorbed.
We demonstrate, however, that through the up-conversion
process, the atomic system renders itself transparent to all
four fields. Transparency is achieved once the complex
ratio of Rabi frequenciesin each A-channel is equa and,
once transparent, no further changes to the relative phase
or amplitude of each field occur [7]. Additionally, we ob-
serve important saturation mechanisms which may limit
the generated radiation intensity attainable with this type
of frequency converter.

We beginwith abrief theoretical discussion of thiswork.
We consider a four-state system in the rotating wave ap-
proximation, as shown in the inset in Fig. 1. The coupling
laser, tuned to the [2) — |3) transition with Rabi frequency
Q. (406 nm), and the probe laser, tuned to the |1) — |3)
transition with Rabi frequency (), (283 nm), adiabati-
caly establish a large atomic coherence of the Raman
transition, which is described by the off-diagona den-
sity matrix element py, [2]. A third laser field with ra-
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dian frequency . is tuned to resonance with the |2) —
|4) transition and mixes with the coherence to generate a
fourth field at w; resonant with the |1) — |4) transition.
The (small-signal) electric-field attenuation coefficients of
the mixing and generated fields are ¢, = No.p2,/2 and
ap = Noppi1/2, where N is the atom density, p;; is
the total fraction of atoms in state | j), and o, and oy,
are the single-atom, Doppler-broadened, resonant, absorp-
tion cross sections. The coherently trapped population
is distributed according to p;; = Q2/(Q2 + QIZ,), pn =
QIZ,/(Q? + QIZ,), and P12 = —QPQ:/(QIZ, + Qg) With
these definitions, in a plane-wave approximation and ignor-
ing saturation effects and light shifts, the propagation equa-
tions for a quadruply resonant frequency converter from
Q. (233 nm) to Q, (186 nm) are [2]

406nm
3 T ~ BC1
N

FIG. 1. Schematic diagram of the experimental apparatus.
BC1, etc., described in main text. Inset: Energy-level diagram
of the double-A system in 2%Pb vapor. Laser fields with
Rabi frequencies ,, Q., and €, are applied, and Q, is
generated. State designations and energies. |[1), 6p? 3Py,
0.0 em™! (ground); |2), 6p% 3P,, 10650.3271 cm™!; |3), 6p7s
3Py, 35287.2244 cm™!; |4), 6p9s 3Py, 53511.1485 cm™!. The
ionization potential of Pb | is 59819 cm™! (7.42 eV).
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a&zh + @, Q) = _%Pmﬂe exp(—iAkz).  (1b)

Since k-vector matching of the interacting laser fields is
automatically satisfied by resonant copropagating fieldsin
the rotating wave approximation, Ak = 0. The solutions
of Egs. (1) with boundary conditions Q);(z = 0) = 0 and
Q.(z =0 = Q,(00) are

T

Q@) _ an | a

Q.0  ar ar
where ar = a, + «a5. This solution assumes that the
atomic coherence p;, established by the fields in the first
A-channd is unaffected by the generation process; thisis
ensured by maintaining €2.(0) an order of magnitude less
than €1, and (). during the experiment.

The central result of this work is that, in the limit
of many absorption lengths (arz — =), the nonlinear
generation process matches the ratio of Rabi frequencies
in each A-channel so that Q(z)/Q.(z) — Q,/Q.. The
frequency conversion behavior predicted by Eq. (2) is
dramatically different from that witnessed in earlier, far-
detuned experiments [1]; no longer is there parametric
power oscillation between fields as a function of distance
into the nonlinear medium, but, rather, monotonic growth
towards an asymptotic value. This result may be viewed
as a special case of matched pulses [7] in adouble-A sys-
tem; atoms evolved into the coherent population-trapped
eigenstate are invisible to any pair of optical frequency
fields on the |1) « |4) and |2) < |4) transitions whose
complex ratio of Rabi frequencies is Q,/€Q.. Pairs of
input fields which differ from this ratio undergo selec-
tive absorption of unmatched Fourier components and
nonlinear generation until they conform to this ratio and
are thereby decoupled from the medium. This behavior
is quite different from the density invariance of previous
resonant frequency conversion experiments caused by
competition between four-wave mixing and two-photon
absorption [8].

We now turn to a description of the experiment. A
schematic diagram of the experimental setup is shown in
Fig. 1. Three linearly polarized, coherent beams at 406,
283, and 233 nm are spatially and temporally overlapped
by beam combiners BC1 and BC2, converted to circu-
lar polarization by a Fresnel rhomb FR, and propagate
collinearly through the Pb atomic vapor contained in a
heated sidearm cell. The output beams propagate ~1 cm
in atmosphere into a vacuum chamber VC (maintained
<500 mTorr) and are dispersed by an isosceles Brewster
prism IBP. The generated field at 186 nm and residual
mixing field at 233 nm are directed onto sodium salicy-

e o, (20)

late scintillators S.  The fluorescence signals are sampled
by fast photodiodes PD1 and PD2. Each waveform is
digitized and downloaded to a computer. The data are
analyzed, sorted by the pulse timing, and plotted; datawith
pulsetiming overlap errorslessthan 5 nsareretained. The
datashownin Figs. 2-5 are from individual eventsand are
not averaged.

The laser setup is similar to that used in previous
experiments [2,9]. All beams are collimated with in-
tensity FWHM beam diameters of 2.0 mm (coupling
laser, 406 nm, 30-ns pulse width), 2.12 mm (probe laser,
283 nm, 15-ns pulse width), and 1.24 mm (mixing laser,
233 nm, 15-ns pulse width). The area of the generated
beam isinferred to be the same as that of the mixing laser.
Laser frequencies are determined using a Burleigh Model
4500 pulsed wave meter with a maximum resolution of
0.01 cm™! (300 MHz). Typica energies and (peak) Rabi
frequencies for the probe, coupling, mixing, and generated
lasers are 50 uJ (0.25 cm™'), 50 ©J (0.30 cm™"), 1 uJd
(0.0148 cm™1), and 0.1 ©J (5.31 X 1073 cm™1), respec-
tively. (These beam energies are a factor of 200 lower
than those employed in previous EI T-enhanced nonlinear
optics experiments [1,2].)

The 186-nm vacuum ultraviolet radiation is generated as
a collimated beam which propagates collinearly (i.e., on
axis) with the three applied fields. Typical pulse energies
arelessthan 1 wJand are determined using a scintillator/
photodiode combination which has been calibrated with
known 233-nm beam energies [10].

The atomic vapor is 99.86% isotopically enriched 2°8Pb
metal (Oak Ridge Nationa Laboratory), heated within a
25-cm-long fused quartz sidearm cell manufactured by
Opthos Instruments. As in previous work [11], densities
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FIG. 2. Ratio of generated 186-nm and output 233-nm Rabi
frequencies, at the exit of the cdll Q,(z = L)/Q.(z = L), as
a function of the coupling laser Rabi frequency, at fixed ().
(a) For NL product of 1.2 X 10'* em™2. (b) For NL product of
5.6 X 10 cm™2. The dashed vertical line in each figure is the
value of Q). required for weak-probe EIT. The hyperbolais the
arL — < theoretical prediction of Eqg. (2), taking 1, equal to
(@ 0.25 cm™! and (b) 0.24 cm™".
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FIG. 3. Ratio of generated 186-nm and output 233-nm Rabi
frequencies at the exit of the cell Q,(z = L)/Q.(z = L), as
a function of the probe laser Rabi frequency, at fixed Q..
(8 For NL product of 1.2 X 10" cm~2. (b) For NL product
of 5.6 X 10" cm™2. The solid line is the a7 L — < theoretical
prediction, taking Q. equal to (a) 0.33 cm™! and (b) 0.35 cm™!.

are determined using the curve-of-growth method (to an
accuracy of *10%). At 600°C, the resonant absorp-
tion cross sectionsare o, = 2.21 X 10713 ecm?> and o), =
2.83 X 10713 em?. We investigate the behavior of the
quadruply resonant, frequency converter at two density-
length (NL) products: (a) 1.2 X 10'* cm™2 (588 °C) and
(b) 5.6 x 10'* cm~2 (650 °C).

In Fig. 2, we study the dependence of the ratio of
the Rabi frequencies of the generated VUV and output
mixing fields at the exit of the sidearm cell, Q,(z = L)/
Q.(z = L), on the coupling laser Rabi frequency (..
Here, the probe laser Rabi frequency isheld at (a) 0.25 =+
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FIG. 4. Ratio of the output and input 233-nm Rabi frequencies
Q.(z =L)/Q.(z = 0) as a function of the ratio of probe and
coupling laser Rabi frequencies Q,, /€. (a) For NL product of
1.2 X 10" cm™2. (b) For NL product of 5.6 X 10 cm™2. The
solid line is the ar L — o theoretical prediction.
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0.0l cm™! and (b) 024 = 0.0l cm™!, and Q.(0) <
0.025 cm™!.  The curved, solid lines represent the
theoretical prediction of Egs. (2) at these values of
Q,, assuming complete Rabi-frequency matching (i.e.,
taking ayL — ). The dashed, vertica line indicates
the coupling laser Rabi frequency at which, for each
density, the step-up in EIT occurs (i.e., where, in the
absence of the mixing laser, the transmission of a weak
probe laser field through the cell exceeds 50%). Above
this value, sufficient preparation energy has been applied
to the system to ensure evolution of the ensemble into
the population-trapped eigenstate [12]. In the following
figures, only those pointswith . > 0.3 cm™! are shown.

InFig. 3weshow Q,(z = L)/Q.(z = L) asafunction
of the probe laser Rabi frequency (1, at fixed (). and the
arL — o theoretical prediction. A striking feature of
these data is the departure from theory when the Rabi fre-
guency of the probe laser exceedsthat of the coupling laser.
This is most likely related to a failure of EIT; increasing
the probe laser strength relative to the coupling laser in the
presence of nonzero Raman-transition dephasing rates ex-
acerbates two-photon absorption and causes non-negligible
saturation and loss of coherence on time scales com-
parable to the pulse widths. (The dephasing time T, of
the Raman transition coherence is =30 ns.) We expect
that the use of shorter (but still adiabatic) pulses in such
an experiment would limit this saturation and increase
the strong-probe conversion efficiency. This strong-probe
saturation behavior has been observed in other work in a
continuous-wave regime [13]. We limit display of datain
the remaining figures to those points where (), < Q).

In Fig. 4, we study the ratio of output and input mixing
field Rabi frequencies Q.(z = L)/€Q.(0) as afunction of
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FIG. 5. Evolution to matched pulses. Ratio of generated
186-nm and output 233-nm Rabi frequencies at the exit of
the cell Q,(z =L)/Q.(z = L), as a function of the ratio of
probe and coupling laser Rabi frequencies Q,/Q,.. (a) For
NL product of 1.2 X 10 em™2. (b) For NL product of
5.6 X 10" cm™2. The solid line is the ayL — o« theoretical

prediction.
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the ratio of the probe and coupling laser Rabi frequencies
and compare with the predictions of Eg. (2b). Variation
with the probe and coupling lasers is caused by the im-
plicit dependence of the attenuation coefficients «, and
a;, on the population terms p,, and py;. Note that, in the
limit of weak probe (vanishing coherence), no population
is transferred to state |2), and there is no appreciable ab-
sorption of the mixing field.

The data of the previous figures are combined in Fig. 5
to illustrate the evolution to a Rabi-frequency matching
regime at the higher temperature. The opacity of the
low density case (ayL =~ 13) should be more than suf-
ficient to establish the Rabi-frequency matching condi-
tion, and no density dependence should remain. It is clear
from the data, however, that matching is not attained un-
til the higher density case (arL = 57). The discrepancy
arises from neglecting saturation and power broadening
of the |1) « |4) and |2) « |4) transitions in the deriva
tion of Egs. (1). This assumption requires that the mix-
ing and generated field Rabi frequencies (1, and (), are
both much less than the natural linewidth of the transi-
tions. During the experiment, the intensities of these fields
are usualy an order of magnitude larger than the satu-
ration intensities. We identify power broadening by the
233-nm field and the resulting decrease in the number of
absorption depths at both w, and w;, as the primary satu-
ration mechanism in this experiment. Close agreement
between numerical simulation and experimental results is
obtained if the small-signal absorption coefficients «, and
ay, are replaced by their power-broadened values. Satura-
tion is most evident in the behavior of the conversion effi-
ciency from w, — wj,; small-signa efficiencies[(2.(0) <
0.005 cm~ '] exceed 30% but drop sharply to between
5% and 10% when €, (0) is raised to 0.02 cm™! because
the effective opacity is progressively reduced to the point
where the matching condition is no longer attained.

At the higher NL condition, we achieved approximately
1% overall energy conversion efficiency. A VUV pulse
energy of 1 uJwas generated using 10 uJ of 233 nm and
50 wJeach of 283 and 406 nm.

In summary, we have demonstrated efficient nonlinear
frequency conversion in a quadruply resonant double-A
atomic system, using collimated laser fields with modest
power densities. This work provides the first experimen-
tal realization of nonlinear optics in a density-invariant,
Rabi-frequency matching regime. Three resonant, arbi-
trarily phased fields are applied at z = 0, and after a char-
acteristic distance, the atom renders itself transparent to
al fields through generation of a properly phased, fourth
resonant field. Transparency is achieved once the com-
plex ratio of Rabi frequenciesin each A-channel is equal,
and once transparent, no further changes to relative phase
or amplitude occur. The overall conversion efficiencies of
these all-resonant frequency converters are limited by the
preparation energy requirement necessary to establish EIT
in the first A-channel and by power broadening of the sec-
ond A-channel. We note that the use of a single-isotope

atomic medium minimizes the required values of . [14]
but is otherwise unnecessary.
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Note added in proof.—A comprehensive theoretical
study of nonlinear optics in double-A atomic systems,
with emphasis on pulse-matching properties, has recently
been published by Korsunsky et al. [15].
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