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Abstract
In recent years, we are observing substantial efforts towards theminiaturization of atomic cells to a
millimeter scale and below, with the ultimate goal of enabling efficient and compact light vapor
interactions. However, suchminiaturization results in a reduction in optical path, effectively reducing
the contrast of the optical signal. In order to overcome this obstacle, we have introduced and
demonstrated a new approach offluorescence double resonance optical pumping (FDROP) in the
ladder-type atomic system.We have developed a theoreticalmodel to predict the FDROP spectrum
and validated thismodel using experimental results in amillimeter-size cell.We show that the contrast
offluorescence signal of the FDROP approach is higher than the transmission signal in the double
resonance optical pumping approach. Taking advantage of this desired property, we have used the
FDROP for the purpose of stabilizing the frequency of a laser operating at the telecomwavebandwith
the hyperfine structure of the 5P3/2–4D5/2 transition in amillimeter-size cell. By beating the stabilized
laser to another stabilized laser, we obtained frequency instability floor of 9×10−10 at around 1000 s
in terms of Allan deviation. Such sources which are stabilized tominiaturized cellsmay play an
important building block in diversefields ranging e.g. from communication tometrology.

1. Introduction

Laser spectroscopy employingminiaturized vapor cells is attracting growing attention, primarily for its potential
applications in compact frequency standards [1–3], laser cooling [4–7], magnetometry [8–10] and optical
isolation [11], to name a few. In order to obtain a highly resolved spectral lines in the transition fromone excited
state to another, various optical pumpingmethods, such as the optical-optical double resonance (OODR)
technique, have been successfully used [12].

Recently,Moon et alused the double resonance optical pumping (DROP) technique to observe awell-
resolved spectral lines with a high signal-to-noise ratio (SNR) in the transition between excited states [13].
Basically, theDROP spectrum is obtained by optical pumping fromone of the hyperfine levels of the ground
state to another hyperfine level through the excited state and the intermediate states in the ladder-type atomic
system [2]. In spite of the fact thatDROPoffers a high SNR as compared toOODR, the results demonstrated so
farwere based on vapor spectroscopy in relatively large (centimeter scale) cells. In fact, in aminiaturized cell
(mmsize scale and below) it is still very challenging to observeDROP signal, because theDROP signal, being
based on absorption, ismasked by a strong background. This is in contrast to the fluorescence signal, which
potentially offers lower background level.

Herby, we take advantage of this property of the fluorescence signal and introduce for the first time a
spectroscopicmethodwhichwe coin ‘fluorescence double resonance optical pumping (FDROP)’.We show
theoretically and experimentally that our FDROP approach can improve the contrast of the signal with respect
to theDROP approach and thus can be used for laser spectroscopy inminiaturized cells. The comparison
between FDROP andDROP is performed for different coupling laser’s powerwithin amillimeter-size cell. The
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obtained experimental results emphasis the advantages of the FDROP approach over large range of intensities.
Following, we utilize this approach for demonstrating frequency stabilization of a laser diode to the hyperfine
structure of the 4D5/2 transition in ammsize cell.

2. Theory

The theory of the FDROP approach is based on the interaction of atomswith two opticalfields that are
resonantly tuned to two transitions that share a common state. Essentially, the FDROP simply detects the change
in population of the intermediate state (F′=2, 3, 4,figure 1).When the atoms are resonant with thefields of the
two lasers L1 and L2, the population of the intermediate state is depleted. By detecting this population, we
observe a dip in the fluorescence signal. Figure 1(a) shows the relevant energy levels of rubidium atoms. The
center wavelengths of the transitions of 5S1/2–5P3/2 and 5P3/2–4D5/2 are 780.2 nm and 1529.4 nm, respectively.
The spontaneous decay rate from5P3/2 to 5S1/2 state is pG = ´2 6.06 MHz1 [14], and that of the 4D5/2 to
5P3/2 is pG = ´2 1.97 MHz2 [15]. The probe laser (L1) is assumed to be locked to the F=3 to F′=4 cycling
transition, while the coupling laser (L2) is scanned over the entire range of the excited states in the 4D5/2

transitions. The FDROP spectrum is calculated by probing the fluorescence of the 4D5/2 states as a function of
the laser frequency for various powers of the coupling beam.Ourmodel assumes an eight-level ladder-type
atomic system as shown infigure 1(b) and use the Einstein rate equations in order to calculate the steady state
population densities.

The signal is assumed to bemeasured over large time scales such that oscillations generated by coherent
effects can be neglected. Themodel also assumes collimated pump and probe beams, with spectral widths
smaller than the spontaneous decays rates of the atoms. The FDROP signal, apart from a proportionality factor,
can be calculated by integrating the ¢NF (i.e. the intermediate population density) over the thermal velocity
distribution and summing over all the intermediate states i.e.
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is themost probable velocity, kB is the Boltzmann’s constant,m is themass of the atom,

andT is the temperature inKelvin. Asmentioned, the population is found using rate equations (see appendix for
more details).

Figure 1.Energy level diagram for FDROP andDROP, (a) real level diagram for 85Rb. (b)Eight level diagramused for the theoretical
model.
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Figure 2 shows the calculated spectrumof the FDROP signal for the transition 5S1/2–5P3/2–4D5/2 for several
values of coupling laser power. The power of the probe laser and the temperature were set to 15 mWand 70 C,
respectively for used cell of length 1 mm. From figure 2, we can see that the contrast of the signal is strongly
dependent on the coupling laser power. Atfirst, the contrast is improving with the increase in coupling laser
power. This is expected, as the growth in photon flux excitesmore atoms from the intermediate state (F′) to the
excited state (F″). However, further increase in coupling power results in a decrease in the contrast of the signal.
This is because as the coupling power continues to increase, the rate of optical pumping increases aswell,
resulting in the depletion of the intermediate F′ levels.We therefore expect that the FDROP approachwill be
attractive in particular for low light applications, e.g. few photon switching.We further note that the linewidth
of the signal is also increasingwith the power of the coupling laser beam. Indeed, the linewidth of the FDROP
spectrum inmm scale cell is affectedmainly by power broadening.

3. Experimental setup

Next, we turn into the demonstration of themeasured results. The experimental setup for detecting the
fluorescence and the transmission is described in very similar to the setup originally introduced byMoon et al
[13]. In short, two laser beams, the probe laser and coupling laser, are counter-propagating through anRb vapor
cell. The transmission of the L1 laser ismeasured in order to obtain theDROP spectrawhereas the fluorescence
from the 5P3/2 levels is collected as the FDROP spectra. The schematic for experimental setup and the
photograph of usedmm size Rb cell is shown infigures 3(a), (b) respectively.

Aswas previously indicated (figure 1(a), red dashed lines), the probe beam (L1) isfixed on the cyclic
5S1/2–5P3/2 transition of the

85RbD2 line. This is obtained using a conventional frequencymodulation
technique for saturated absorption spectroscopy (SAS) [5, 18]. Thewavelength of the L1 laser is around 780 nm
and that of the lasers L2, and L3 is around 1529 nm respectively.We lock the frequency of the L1 laser to the 5S1/2
(F=3) to 5P3/2 (F′=4) transition in the 85RbD2 line. The frequency of the L2 and L3 lasers around 1529 nm
can be scanned over the entire range of excited states in the 5P3/2 to 4D5/2 transition.We control each of the
laser’s power by changing the diode current.We then direct the beams through an aperture of∼2 mmdiameter
through a 7.5 cm long Rb vapor cell (reference cell), and in parallel through a∼1 mm longminiaturized Rb
vapor cell. Thefluorescence and the transmission signals are detected by a Si photodiode.

4. Experimental results

We start by presenting a snapshot of the experimental results, providing a comparison between the FDROP and
theDROP signal collected from aminiaturized (mmscale)Rubidium (Rb) hot vapor cell. TheDROP spectrum
is captured bymeasuring the transmission of the laser while the FDROP spectrum is captured bymeasuring the
fluorescence from the 5P3/2 levels. Typical results are shown infigure 4.

As can be seen, under the operation conditions reported above, theDROP signal cannot be observedwhile
the FDROP transition is easily traceable. This ismainly due to the fact that theDROP spectrum ismasked by the

Figure 2.Calculated FDROP spectrum at different coupling laser power for the transitions 5S1/2–5P3/2–4D5/2.
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strong transmission background coming from the probe laser. Indeed, it has been shown [6] that under
conditions of low temperatures and coupling powers, the optical pumping efficiency is limited and therefore it is
fairly challenging to observe theDROP spectra. In contrast, the FDROP signal is based on collecting the
fluorescence which is not affected by the probe background. Another important factorwhich gives rise to the
strong FDROP signal is the difference in lifetimes between the F″ levels and the F′ levels. Due to the fact that the
lifetime of the upper excited states (F″=3, 4, 5) is larger than the lifetime of the intermediate states (F″=2, 3,
4) by a factor of∼3 (84 ns and 27 ns, respectively), the F″ levels cannot be fully depleted to the F′ levels, effectively

Figure 3. (a) Schematic drawing of the experimental setup (BS: beam splitter; PD: photo-diode; SAS: saturated absorption
spectroscopy) (b) image of themm size Rb cell.

Figure 4.Comparison between FDROP andDROP signal; (a) FDROP andDROP spectrum at room temperature and coupling power
of 5 mW; (b) FDROP and FDROP spectrum at 70 °Cand coupling power of 50 μW.
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reducing the population of the F′ levels. As a result, the strength of the fluorescence, i.e. the transition between
the F′ states to the ground states is reduced, which is shown as a dip in the fluorescence signal.

Next, we study the FDROP andDROP signal under various coupling powers. Figure 5(a), shows the FDROP
spectrumobtained using themmscale vapor cell at different coupling powers at afixed temperature of 70 °C. In
all cases, one can observe a clear signature of the fluorescence signal, even at a coupling power as low as 50 μW.
As can be seen, the contrast of the signal is strongly dependent on the coupling power, similar to themodeling
results presented above. Indeed, the contrast isfirst increasingwith the coupling laser power, while further
increase in power results in a contrast reduction. Additionally, we observe a slight broadeningwith the increase
in coupling power, which is attributed to the effect of power broadening. This is also in linewith the simulation
results.

For comparison, we repeat the experiment at a similar temperature, this timemeasuring the transmission,
i.e. collecting theDROP signal. As can be seen, higher coupling power (∼0.4 mW) is needed in order to observe
the signal. To further address the advantage of the FDROP approach over theDROP approach in spectroscopic
measurements usingmm size cells, we have extracted the transition contrast as a function of coupling power.
The contrast, defined as - +∣ ∣ ∣ ∣S S S SH L H L where, SH,L stands for high and low signal, respectively, is plotted
infigure 6 as a function of the coupling power.

As can be seen, the contrast of the FDROP signal is significantly higher than that of theDROP signal for a
wide range of coupling powers. This serves as a good indication for the usefulness of the FDROP approach in
vapor spectroscopymeasurements withminiaturized cells. Furthermore, the plot shows explicitly the effect of
contrast reduction for high coupling powers, as a result of the optical pumping effect.

Figure 5.Experimentalmeasurements of (a) FDROP spectra and (b)DROP spectra inmm scale cell as a function of the L2 laser’s
power in the 5P3/2–4D5/2 transition of

85Rb. All themeasurements were performed under 70 °C. For comparison purposes, all curves
in the FDROP signal are normalized to have the same contrast.
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Figure 6.Contrast of the FDROP andDROP signal as a function of the coupling power at thewavelength of 1529 nmand constant
temperature of 70 °C.

Figure 7. (a)Comparison between experimentallymeasured and calculated FDROP signal, under coupling laser power of 0.5 mW
and temperature of 70 °C.Good agreement is obtained. (b)Curvefitting using three Lorentzians (shown by dashed cyan, green and
black lines) for the results presented infigure 7(a). The red dashed line represents the sumof the three fitted Lorentzians.
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For better comparison between the experimental results and themodel, infigure 7(a), we present a
comparison between the two, assuming a coupling power of 0.5 mWunder temperature of 70 °C.One can
observe a good agreement between the calculated and the experimental results. In figure 7(b), we show a fitting
using three Lorentzian lines representing the transitions F′=4 to F″=3, 4, 5, respectively. The line oscillator
strength of each transition is taken from [13], and the FWHMof each Lorentzian, was found to be 50MHz. As
can be seen, the lines of thefitted Lorentzian are in overlapwith one-another due to power broadening, and thus
they cannot be easily resolved. The sumof the three Lorentzian fitting functions (dashed red line)was found to
be in a good agreementwith the obtained experimental result.

5. Laser stabilizationwithmmsize cells by the aid of FDROP

In addition to spectroscopy, we take advantage of the superior contrast of the FDROP approach to demonstrate
frequency stabilization inmmsize cells at the telecom regime. The stabilization transfer scheme is presented in
figure 8. As a reference, a tunable laser (L3) at telecomwavelength (HP81682A) is stabilized to the 5P3/2
(F′=4)–4D5/2(F″=4) transition, using a 7.5 cm reference cell which results in a narrowDROP line of
∼6MHz [16]. A similar tunable laser (L2) is locked to themm size cell, using an FDROP signal. The level of
instability is evaluated by beating the two tunable lasers at 1.5 μm (L2 and L3). The beatmeasurement is
conductedwith a fast photo detector (Agilent 11982A) followed by a high frequency counter (Agilent 53181A),
having a frequency uncertainty floor level of 1 KHz, significantly beyond the precision needed for our
experiment. In parallel, we lock a 780 nm laser (TopticaDL pro) to a standard Rb cell (7.5 cm long) using SAS
technique.

It should be noted that the frequency of the L2 and L3 lasers was stabilized by electrically feeding back the
error signal of the FDROP into the PZTof the two lasers, as shown infigure 8.Wewere able to obtain dispersion
like error signal of the FDROP spectrumwithout extra frequencymodulation for the L2 and L3 lasers by setting
the phase sensitive detector of the lock-in amplifier according to the reference signal for the frequency
modulation of the L1 laser. This was possible because the frequency of the L1 laser has already beenmodulated
through SAS in order to stabilize the frequency of the laser. The scheme offers the advantage of obtaining the
error signal of L2 and L3 lasers simply bymodulating of the laser frequency of a single laser (L1), without directly
modulating the frequency of the L2 and L3 lasers [16].

Figure 8. Frequency stabilization scheme; the loop surrounded by the blue dotted line is used to stabilize the 780 nm laser using SAS
technique. The other loops are used to stabilize both the reference cell and themm size cell. The dashed and the solid red lines are used
for 780 and 1529 nm laser beams respectively. The black solid lines represent the electronic signals. (BS: beam splitter. Det: photo-
diode).
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The results are presented infigure 9. By observing the obtainedAllan deviation, one can learn that wewere
able to stabilize a telecomband laser using ourmmsize cell to the level of 9×10−10 at around 1000 s (blue line).
Such stability ismore than an order ofmagnitude better than the stability of our free running laser.

6. Conclusions

In conclusion, we have introduced theoretically and demonstrated experimentally a new approachwhichwe
coin FDROP in the ladder-type atomic system. It is shown that the contrast offluorescence detection of the
probe beam in the FDROP approach is higher than the transmission detection of the probe beam inDROP
approach. This property is of particular importance inminiaturized cells, where the optical path is reduced,
which in turn results in a lower optical contrast. Indeed, we have extracted bothDROP and FDROP spectra from
amillimeter-sized cell and it was shown that under specific conditions of temperature and coupling power, the
FDROP signal is easily observable, while the detection of theDROP signal ismore challenging. Following this
observation, we havemeasured both the FDROP and theDROP spectrumunder different conditions of
coupling powers. The results clearly indicated that the FDROP is superior in contrast with respect to theDROP.
Taking advantage of this desired property, we have used the FDROP to stabilize the frequency of a laser to the
hyperfine structure of the 5P3/2–4D5/2 transition in amillimeter-size cell. By beating the stabilized laser to
another stabilized laser, we obtained frequency instabilityfloor of ´ -9 10 10 at around 1000 s in terms of Allan
deviation. Such sources which are stabilized tominiaturized cellsmay play an important building block in
diverse fields ranging e.g. from communication tometrology.
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Appendix

The population of the levels is found using the rate equations:

g g= G ⋅ + ⋅ + ⋅
n

t
n n n

d

d
,1

0 1 31 3 41 4

Figure 9.TheAllan deviation of the beat between the L2 laser which is locked to themm scale cell using FDROP and L3 laser which is
locked to a reference cell usingDROP (blue line). For comparison, we also plot the Allan deviation of the beat between the same two
lasers, this timewith locking (free running lasers).
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whereD D,c p are the coupling and pumpdetuning respectively.Γ0 which is the transit time and forGaussian
laser beamwith 1/e2 radiusR passing through dilute gas of atomswithmean velocity u, given by [17]
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gik is the factorial decay rate which depends upon the ratio of theClebsch–Gordan coefficients according to
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where,m denotes the decay state channels and the summation is over all these channels.
The spontaneous decay rate from5P3/2 to 5S1/2 state is:

pG = ´2 6.06 MHz.3,4,5

The spontaneous decay rate from4D5/2 to 5P3/2 state is:

pG = ´2 1.97 MHz.6,7,8

Aik—is the Einstein coefficient for the absorption and stimulated emission of a photon
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whereCik is the Clebsch–Gordan coefficients which can be calculated according to, e.g. [14, 18]. gk, gi denote the
state degeneracy. r D( )v, is the normalized Lorentzian function, which characterizes the atom’s response to the
incident field
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where w is the frequency of the laser, g is the natural linewidth of the transition, k is thewave vector and v is the
velocity of the atom.We solve all the equations in the steady state condition:

=
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After solving for the steady state condition, we sumover the excited states population and use it to calculate the
intensity as a function of the detuning according to:
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where F′ is sumof all the excited states.
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