Active narrowband filtering, line narrowing and gain using ladder electromagnetically
induced transparency in an optically thick atomic vapour
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Electromagnetically induced transparency (EIT) resonances using the 53,5 — 5P3/5 — 5Ds /o
ladder-system in optically thick Rb atomic vapour are studied. We observe a strong line narrow-
ing effect and gain at the 55,/ — 5P3/ transition wavelength due to an energy-pooling assisted
frequency conversion with characteristics similar to four-wave mixing. As a result it is possible
to observe tunable and switchable transparency resonances with amplitude close to 100% and a
linewidth of 15 MHz. In addition, the large line narrowing effect allows resolution of ¥*Rb 5D5 /2
hyperfine structure even in the presence of strong power broadening.

INTRODUCTION

Coherently prepared atomic media are finding an ever
increasing range of applications including high resolu-
tion metrology [1], precision magnetometry [2], quan-
tum memory [3], entanglement [4] and single-photon
sources [5-8]. For some applications it is necessary to
post filter the output to remove the control light. For this
reason, and other potential applications such as remote
sensing [9], atomic narrowband filtering has evolved as an
active topic of research [10, 11]. In addition, many of the
above applications require a high optical depth. Interest-
ingly a high optical depth can result in a line narrowing
effect [12] that could be useful for filtering applications.
However, if the high optical depth is associated with high
atomic density, other effects such as the Lorentz shift [13]
and broadening [14] also become important.

In this paper we investigate ladder
electromagnetically-induced transparency (EIT) system
based on the 5S;, — 5P3/,5 — 5Dj5/5 two-photon
transition in Rb vapour. Although this ladder system
has been studied extensively in previous work [15-21],
here we focus on novel effects that occur at high optical
depths and high coupling laser Rabi frequency. In
particular we show that the line narrowing effect due to
high optical depth can be more efficient in a ladder-type
system because, in contrast to the A-system studied
previously [12], the coupling laser frequency is far
detuned from the the ground-state transition and thus
experiences much less absorption. In addition we find
that at high density and high coupling Rabi frequency it
is possible to observe gain due to a frequency conversion
process analogous to that observed in A-systems [22, 23].
In a ladder system, however, the process is modified by
energy pooling, allowing wavelength conversion over a
larger energy scale. We illustrate this point in figure 1.
The use of a weak probe beam means that most of the
atomic population remains in the ground state, while
the strong coupling beam further promotes the atoms
that are excited by the probe into the 5D manifold.

The energy pooling process requires a collision between
two atoms, so it is best to think of a joint two-atom
system, where the atoms before collision are in the
pair state 5S1/25D5/5. This state has more energy
than the nearby joint state 5P3,25P3,5, but by less
than the thermal energy kg7, so in a collision the
joint state can be transferred into 5P3,35P3/5. Since
the atoms are now both in 5P3/p, they can decay
with the emission of two 780 nm photons producing
gain in the probe beam. This four-wave mixing is
phase-matched using a co-propagating coupling beam.
However, EIT requires a counter-propagating control
beam to have a near Doppler-free resonance, so both co-
and counter-propagating beams are required.

While it is possible to achieve near-100% transparency
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FIG. 1. Schematic showing how the energy pooling process
can be responsible for gain in the system. Lines are ener-
gies in the pair state basis relative to the energy of two 5P3 /2
atoms at infinite separation. Initially an atom is excited to
the 5D manifold by excitation with 780 and 776 nm photons,
whilst a second atom remains in its ground state (pair state
581/2,5D5/2). During a collision the pair-state energies are
modified, following the path in bold and allowing the tran-
sition to 5P3/2,5P3/2. Both of these 5P3,, atoms can decay
with the emission of two 780 nm photons.
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FIG. 2. (a) Experimental setup and (b) energy level scheme
showing hyperfine splittings of each state for the two Rb iso-
topes. PBS - polarising beam splitter; A\/2 - half-wave plate;
L - lens; PD - photodiode; BS - 50:50 beam splitter; NDF
- neutral density filter; BPF - narrowband interference fil-
ters (see main text). The frequency of the coupling beam is
monitored using a wavemeter. The probe laser frequency is
scanned around the D2 resonance frequency, and is calibrated
using pump-probe spectroscopy in a reference cell in the same
way as refs [13, 25, 26].

by increasing the coupling laser power, in systems with-
out active gain this comes at the cost of power broaden-
ing of the EIT feature, eventually leading to an Autler-
Townes split doublet [24]. In our case the gain process
creates the high transmission without a significant in-
crease in the linewidth. The combination of line narrow-
ing and gain results in a tunable narrowband filter with
contrast (the amount of probe transmission, relative to
the input probe intensity) of 100% and a transparency
width of order 15 MHz (FWHM). In addition, we show
how density-induced line narrowing allows high resolu-
tion spectroscopy of the excited-state hyperfine struc-
ture [20] even in the presence of strong power broadening.

The paper is arranged as follows: In Section 2 we de-
scribe the experimental setup. In section 3 we present
the results, and finally in section 4 we summarise the
main findings.

EXPERIMENTAL DETAILS

The experimental set-up and level scheme are shown
in Fig. 2(a) and (b), respectively. A probe beam (wave-
length 780.2 nm) is tuned around resonance with the
5S1/2 — 5P3/ manifolds in Rb. A counter-propagating
coupling beam (wavelength 775.9 nm) is tuned on res-
onance with the 5Pz, — 5Dj5/o transition. The en-
ergy levels of Rb relevant to ladder EIT using the
5S1/2 — 5P3/2 — 5D5/2 two-photon transition are shown
in Fig. 2(b). Both beams are derived from external cavity

diode lasers with linewidths less than 1 MHz. The probe
beam has a power of ~ 1 W in order to avoid saturat-
ing the first excitation step, while the coupling laser has
a power up to 300 mW. Both signal and control light are
focused to a spot size with a 1/e? radius of 27 um at the
centre of an uncoated 4 mm-long vapour cell containing
natural Rb with no buffer gas. The Rayleigh range of
the focussed beams, 1.5 mm, is comparable to the cell
length. The probe (signal) beam is detected on a high
gain photodiode. The probe and coupling beams have
linear orthogonal polarizations. A polarizing beam split-
ting cube is used to remove reflected coupling light from
the path of the detector. In addition, 3 narrowband in-
terference filters that each transmit 93% at 780 nm and
0.01% at 776 nm are used to remove any residual con-
trol light. The extinction of the control light to a level
that is insignificant was checked by adding an additional
interference filter. The Rb vapour pressure, IV, is varied
between 10*! em ™3 up to 2x10'* ¢cm ™3 by changing the
cell temperature between 50 and 165°C. It is important
to note that the cell windows and Rb reservoir are heated
pseudo-independently, and in the experiments presented
here we held the window temperature constant, while
varying the reservoir temperature.

The relatively small spot size and short cell length al-
lows control laser intensities in excess of 1 kW cm™2 to
be attained. This is 4 orders of magnitude higher than
used in other high resolution experiments on ladder EIT
in Rb [21]. The cell windows are fabricated from pol-
ished sapphire windows with parallel faces, which are cut
perpendicular to the C-axis to minimise birefringence as
discussed in refs [27, 28]. However, there is still some
small residual birefringence. The cell is aligned such
that the back reflection from the cell window is perfectly
overlapped with the interaction region. To realise both
Doppler-free EIT and four-wave mixing requires both co-
and counter-propagating control beams. In our experi-
ment this is provided by the reflections in the cell. A sin-
gle sapphire window can reflect up to 26% of the beam
if the interference between the front and back surfaces
is constructive. However, this back reflection can be re-
duced to 0.1% by temperature tuning the window [29]. A
strong back reflection of the control light is important to
the amplification effects observed below. Whilst in prin-
ciple the gain could be optimised by the use of, say, an
external mirror to enhance the contribution of back re-
flections, this is far from a trivial process this mirror must
reflect the coupling beam (776 nm), while being transpar-
ent for the probe radiation (780 nm), as well as requiring
careful consideration of mode-matching conditions. The
fact that the probe and coupling wavelengths are similar
allows the energy pooling process to operate (and thus
produce the gain), but makes independent control of the
beams non-trivial.
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FIG. 3. Dependence of EIT features on the coupling laser power. Probe power 4 W, vapour temperature 95°C. (a) Example
data showing the active filtering process. Black - coupling laser off. Red - 20 mW. (b) Contrast and (c) full-width at half-
maximum (FWHM) of the EIT feature as the coupling laser power is varied. The contrast is initially linear with power (dashed
black line) before saturating at high power. The linewidth increases with the square root of the power (black dashed line), in
agreement with equation 1. For both panels (b) and (c), red squares indicate the EIT feature around the *Rb F=3 — F' =
2, 3,4 transitions (~ —1.2 GHz detuning), while blue triangles indicate the feature centred around the STRbF=2— F' =1,2,3
transitions (~ —2.4 GHz detuning). Zero on the detuning axis represents the weighted center of the D2 line.

RESULTS

A typical transmission spectra as the probe laser is
scanned through resonance is shown in Fig. 3(a). Two
Doppler-broadened absorption lines are observed corre-
sponding to the F =2 — F" and F' = 3 — F’ transitions
on the Rb D2 line for 3’Rb and 3°Rb, respectively. For
reference we also show the spectra with the control laser
off. Without the coupling laser the transmission on res-
onance for the 8°Rb line is less than 0.1%. When the
coupling laser is turned on, EIT features with very high
contrast are observed. With coupling power of 20 mW,
the peak transmission increases to >90%, and has a full-
width at half-maximum (FWHM) of just 20 MHz. The
positions of the transparency features correspond to the
two-photon resonances, consequently the position of the
transparency peak can be changed by tuning the control
laser.

For low coupling power, the contrast between the
transmission without and with the control laser is lin-
early proportion to the control laser power as shown in
Fig. 3(b). Surprisingly, for powers greater than of order
20 mW the transmission is greater than 100%. This en-
hanced transmission indicates gain. For high powers the
gain saturates at a value that depends strongly on the
optical depth (see below). We find that the gain feature
is only observed if the cell is aligned such that the back
reflection of the control light overlaps with the interac-
tion region and the window temperature is close to the
region of maximal reflection. To observe gain requires

that control photons at 776 nm are converted into signal
photons at 780 nm. We propose that this effect occurs via
the combination of EIT and energy-pooling. The trans-
parency induced by the counter-propagating coupling
beam suppresses absorption, while energy pooling en-
ables frequency conversion of the retro-reflected 776 nm
coupling light into 780 nm photons. Consequently, as
for blue (420 nm) light generation from the decay of the
6P1/2,3/2 levels [16, 30-33], it is likely that the efficiency
is enhanced by the energy pooling process [34]. If the
cell is misaligned slightly then we observe 780 nm pho-
tons in a direction that is no longer parallel to the signal
beam axis, in a way that is commensurate with momen-
tum conservation in the 4-wave mixing process. In this
case the detector may be moved off axis such that only
the gain features are observed without the background
of the transmitted signal light. In Fig. 3(c) we show the
width of the transparency feature as a function of laser
power. The width is found to be proportional to the
square root of the laser power. For an ideal 3-level sys-
tem a linear dependence is expected, however, Doppler
broadening and optical pumping leads to such a non-
linear dependence [35].

The height and width of the transmission resonances
also depend strongly on the atomic density. In Fig. 4
we characterize the density dependence. In Fig. 4(a)
we show the spectrum at three different cell tempera-
tures, corresponding to three atomic densities. The cou-
pling laser is stabilised using a wavemeter, however the
wavemeter itself may have drifted a little over the course



>~
T
I

(98}
T
!

Transmission

[\

NN N2

U357730 =25 —2.0 —1.5 —1.0 =05 0.0
Detuning (GHz)

600 \
500( (b) o H :
400 E } % 1
300 ]
200{ . 2 4 % 1
100 B ] A L] B 7
0 ’ I L L \I A
60%)011 1Q12 1Q13 lql4
\
500; NEE :
400 & . ]
300 AN ]
200 L 1
S
100 (C) | = “i -“..._L i _,
?011 1012 1013 1014

Vapour density (cm™3)

FIG. 4. Dependence of EIT features on the vapour density. Probe power 6 W, coupling power 250 mW. (a) Example data
showing the probe transmission as the probe detuning is varied across the D2 resonance line at various temperatures. Black
- 99°C. Red - 130°C. Blue - 150°C. (b) Contrast and (c) linewidth of the EIT feature with increasing atomic density. The
linewidth decreases with density proportional to 1/4/OD, in accordance with Eq. 1. For both panels (b) and (c), red squares
indicate the EIT feature around the 3*Rb F= 3 — F’ = 2,3,4 transitions, while blue triangles indicate the feature centred

around the 8"Rb F= 2 — F’ = 1, 2, 3 transitions.

of the experiment, and this is responsible for the slight
change in the peak gain position. Such a small drift does
not affect the magnitude of the gain significantly. We
observe the largest gain at a density of order 10" cm™3
(temperature around 120°C). At higher density the gain
is reduced, see Fig. 4(b). The collisional processes in-
volved in energy pooling are strongly dependent on the
density, and initially increase the amount of gain we ob-
serve. However this tails off at high density, which we at-
tribute to dipole-dipole interactions, which enhance the
energy pooling process. Instead of just 5p5p being popu-
lated, higher energy pair states can be formed [34] due to
the enhanced interaction energy between the atoms, and
this decreases the amount of gain at 780nm. The band-
width of the filter is also reduced, as shown in Fig. 4(c),
which is evidence of the line narrowing effect in EIT at
high optical depth and is well known [12]. The narrow-
ing can be characterized by a simple formula for the the
linewidth of a dark resonance in the optically thick limit,

02 1
V71272 VOD ’

where OD = Nog/ is the optical depth with the opti-
cal cross-section o = 3\2/27 for a closed two-level sys-
tem, o and ;5 are the decay rates of intermediate state
population and the coherence between intermediate and
ground states, respectively. Thus the dark resonance
linewidth scales inversely with the square root of the op-
tical depth, and can become substantially smaller than
the single-atom power-broadened linewidth given by the
coupling Rabi frequency Q.. In Fig. 4(c) we show that

(1)

YEIT =

the linewidth accurately follows the predicted 1/ vOD
behaviour. We attribute the large hump in the 87Rb
data (blue triangles) to the presence of the 3Rb reso-
nance in close proximity; the spectral features at the de-
tuning associated with the 8”Rb resonance at low density
also depend on the shape of the wings of the ®Rb res-
onance. This becomes less of an issue at higher density
when both lines are optically thick, and the data return
to the 1/4/OD behaviour as expected.

Finally, in order to illustrate how this line narrowing ef-
fect can be exploited we show in Fig. 5 a spectrum where
the hyperfine splitting of the 5Dj /5 state is resolved even
though the coupling laser Rabi frequency is much larger
than the hyperfine splitting. Although ladder EIT allows
high resolution spectroscopy at moderate power [21], it
is still remarkable that such high resolution can be ob-
tained when the coupling laser intensity is four orders of
magnitude larger. Further work is needed to understand
the details of these spectra in the high density regime.

SUMMARY

In summary, we have demonstrated an active tunable
narrowband atomic filter with a contrast that can be
greater than 100% whilst simultaneously having a band-
width of less than 100 MHz. The filter exploits both line
narrowing and gain in optically thick Rb vapor. Such
a filter could have advantages compared with more con-
ventional Fabry-Perot etalons in that the filter is rapidly
switchable and tunable, and because there is no loss. The
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FIG. 5. Resolution of the hyperfine splitting of the 3’Rb
5D5/2 manifold. Green - 95C. Blue - 145C. The black dashed
line shows a probe-only spectrum at 90°C. The inset shows
the d-state hyperfine structure of Rb (red), and the black
dashed line shows a fit to four Gaussian functions with the
correct hyperfine splittings (dotted vertical lines).

switching speed is related to the linewidth of the fea-
ture, which constrains the minimum pulse width. Taking
a conservative estimate, assuming an EIT linewidth of
10 MHz, a Fourier-transform limited Gaussian pulse pro-
file would need a pulse width of > 100 ns. However, for
applications in quantum optics further work is needed to
explore whether the inherent gain adds significant noise.
Similar effects may be possible using other transitions as
well as different atomic media (Cs, K, Na, etc.) allowing
development over a range of useful wavelengths. We have
also shown that even for highly intense lasers in excess of
~1 kW /cm? the formation of narrow dark resonances al-
lows high resolution spectroscopy of excited states, with
resolution only limited by the laser stability.
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