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Abstract. We present an experimental setup of optimized acousto-optic modulator
designed for observing a V-type electromagnetically induced transparency resonance
in the Dy line of rubidium-87, with the full width at half maximum being equal to
2.7 MHz. Possible artefacts and undesirable influences on the signal resulting from
this method are discussed in detail. The solutions to such technical challenges as
beam steering and intensity fluctuations are found in optimization of optical setup.
The reported method offers a number of advantages such a single external-cavity
diode laser to create a bichromatic optical field outside the laser, whereby both the
coupling and probe beams have identical properties. Moreover, the both beams are
equally affected by environmental perturbations to the laser. Subsequently, the
influence of mode hopping, beam-power fluctuation and frequency drift on the
resonance can be eliminated. This negates a need in complicated and expensive
temperature and current stabilizations, as well as in a locking unit. The simplicity
and stability of the improved setup make our method suitable for many applications
based upon electromagnetically induced transparency, especially those in the field of
precision measurements.
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1. Introduction

Electromagnetically induced transparency (EIT) results from destructive quantum interference
among different excitation pathways in an atomic ensemble (see Fig. 1). A peculiar characteristic
of the EIT is enhancement of optical transmission of a weak probe beam due to the presence of a
strong coupling beam. This increase in the transmission might suggest saturation due to optical
pumping. However, the phenomenon occurs fundamentally when the coupling beam causes Stark
splitting of the excited state. In its turn, this creates the two absorption paths for the weak probe
beam. Thus, the destructive interference between these two absorption channels produces
enhanced transmission, which is the essence of the EIT.

Due to this unique modification, the EIT technique has many applications such as, e.g., lasing
without inversion [1], slow light [2], optical switches [3], quantum memory [4], quantum
information processing [5] and sensitive magnetometry [6]. Detailed theoretical treatment and
experimental realizations of the effect, along with further applications, can be found in the
comprehensive topical reviews by J. P. Marangos [7] and M. Fleischhauer et al. [8].

There are different methods for producing the EIT effect. As an example, one can utilize two
independent narrow-linewidth (usually~1 MHz) lasers [9-12], where one of the lasers is locked to
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Fig. 1. Suitable atomic-energy configuration leading to observation of the EIT. A-type and V-type energy
configurations are shown in panels (A) and (B), respectively. ws1, w21 and ws;, are respectively the energy
differences between levels |3) and [1), |2) and |1), and |3) and |2). w.and w, denote respectively the coupling
and probe optical fields, and A. implies the coupling-beam detuning from ws;.

a given transition and the other scans another transition. The other methods are based on a single
laser and a modulation technique such as injection-current or external-phase modulators [13, 14].

In the case of small frequency detuning (<40 MHz), a single laser and an acousto-optic
modulator (AOM) can also be used to create the EIT signal [15]. However, the fundamentals of
this approach depend on the parameters introducing certain artefacts to the observed signal. These
artefacts result from fluctuations in the beam intensity and beam-steering effects, which impose
undesirable variation in the Rabi frequency and a change in the degree of overlap between the
coupling and probe beams. A degrading effect of these phenomena on the EIT resonance has
earlier been found. To be more specific, these effects broaden and destroy the EIT resonance, as
explained below.

Although AOMs have already been used for producing the EIT resonance, to the best of the
authors’ knowledge, there are no reports addressing technical challenges and intrinsic problems
faced by this technique. This is especially crucial when the EIT is used in sensitive and high-
precision measurements. The subject of this work is to discuss the above artefacts and problems,
and to present the methods for stabilizing the intensity and governing the beam steering. To reach
this aim, we optimize a robust optical setup in which the AOM is used to produce the EIT
resonance. We consider the principles underlying our method in Section 2 and explain its essence
in Section 3. The results are discussed in Section 4. Finally, we draw conclusions in Section 5.

2. Principles of the method

Observation of the EIT requires certain conditions to be met. Two of the most fundamental
prerequisites related to the optical fields are availability of a bichromatic optical field and
transformation of this bichromatic field into a resonant, strongly coupling beam and a weak
scanning probe beam, or vice versa. There are also additional conditions related to the choice of
atoms and atomic states, which are elucidated in Refs. [7, 8, 16]. The other requirements also
related to the optical field include a rightly chosen polarization (when Zeeman sub-levels are used),
a sufficient intensity, and coherence between the two beams. They will be discussed in the
following sections.

The AOM should satisfy the both conditions mentioned above. The reason is that, among the
other functions such as intensity modulation, beam steering, optical filtering and isolating [17], the
AOM can also be operated as a frequency-shifting device. When used as a frequency modulator,
the AOM performs the two main tasks. The first one is increasing or decreasing the frequency of
the incident laser beam, which are referred to as up- or down-frequency shifts, respectively. The
frequency change is dependent on the direction of the incident optical wave vector with respect to
the acoustic wave vector.
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The frequency shift mentioned above creates a bichromatic beam, which is one of the optical
requirements for the EIT. The second requirement is met when the AOM produces a variable
frequency shift, i.e. works as a scanner. Variable modulation occurs across a certain width defined
by a manufacturer’s design. To produce the scanning probe (or coupling) beam, the radio-
frequency signal applied to the AOM is modulated by applying a triangular-waveform signal to an
AOM driver. The amplitude of the signal applied changes the frequency-shift extent and, hence,
the diffracted beam is characterized by a frequency range depending on this triangular waveform.
This means that the amplitude of the signal applied controls the scanning width while the
frequency of the waveform governs the scanning frequency.

3. Experimental methods

In our experiments, an external-cavity diode /aser from Toptica DL100, with the wavelength of
about 795 nm, is tuned to 5281/2 F=2— 52P1/2: F'=1 transition in *’Rb. Since all of our
observations and measurements have been carried out using *’Rb atoms, the term “*’Rb’ will be
omitted hereafter. We have a V-type configuration when the laser beam is separated into two
components using a polarizing beam splitter, as shown in Fig. 2. The s-polarized beam acting as a
weak probe beam (wy) is directed at a reference cell that contains **Rb and ¥Rb atoms in natural
abundances. The cell has the length 50 mm and the diameter 25 mm. It is housed in a three-layer
p-metal cylinder, for which the shielding factor of the measured magnetic field is larger than 10°.
The p-polarized beam serving as a strong coupling beam (w.) is directed onto the AOM.
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Fig. 2. Experimental setup built for achieving the EIT effect with AOM. Yellow block corresponds to frequency-
measurement components which use a Doppler-free saturated absorption spectroscopy (DF-SAS) and a Fabry-
Pérot interferometer (FPI). Light blue block corresponds to AOMs, where shifting and modulation of the optical
field are implemented. The main experimental components are as follows: external-cavity diode laser (ECDL),
optical isolator (Ol), polarizing-beam splitter (PBS), plane mirror (M), beam stop (S), Bragg cell (AOM),
planoconcave lens (PCV), concave mirror (CM), biconcave lens (BCV), beam splitter (BS), quarter-wave plate
(A/4) and half-wave plate (A/2). The probe beam wy is tuned to 5°Py2: F'=1 and the coupling beam w. is
frequency-shifted by +814.5 MHz. The Rb-cell used for observing the EIT effect is placed in a three-layer
p-metal with the shielding factor of the measured magnetic field not less than 10*,
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Brimrose TEF-200-50-795 AOMs offer a central-frequency shift 200 MHz and the width
50 MHz at 795 nm. This gives the frequency-shifting abilities as large as 175-225 MHz,
depending on the d.c. voltage applied to the AOM driver. For a single AOM in double-pass
configuration, where a (plus or minus) first-order diffracted beam is retroreflected back to the
AOM cell and a zero-order beam is blocked as shown in Fig. 2, the central-frequency shift
+400 MHz is achievable. In this work, the two AOMs are set up in the double-pass configuration,
where the frequency of the strong coupling beam w. is chosen to be +814.5 MHz with respect to
. This +814.5 MHz frequency difference between the two beams corresponds to the energy
difference between the excited states 52P1/2: F'=1 and F'=2 (see Ref [18]). As a result, the
excitations from 5%S;, : F =2 transition form a V-type configuration. The two beams w, and w-
are recombined through another polarizing-beam splitter, so that they co-propagate through the
cell. This eliminates a Doppler-dependent signal.

As discussed previously, application of triangular waveform to the AOM driver modulates
the radio-frequency signal at the AOM. As a result of this modulation, the frequency shift in the
optical field also follows this triangular waveform. Software and hardware from the National
Instrument have been used to generate and control the triangular waveform. This external signal is
applied to one of the drivers. Nonetheless, the triangular signal could also be applied to the both
drivers whenever higher scanning widths are required. A standard function generator can become
an alternative to the computer-generated output voltage. However, we have chosen the former
method in this work for the reasons of flexibility and ease of control.

4. Results and discussion

It is necessary to select a required frequency difference for the incident laser beam in order that w.
had the correct interacting frequency with respect to w,, as required for the V-type interaction.
Initially the experiment has been arranged in a manner similar to that of Doppler-free saturated
absorption spectroscopy (see Fig. 3). Here the two beams w, and w. are counter-propagating
through the atomic ensemble and each of the beams is monitored separately. In this modification,
the laser is scanned across the whole Rb spectrum and the result is compared with the reference
data of the Doppler-free saturated absorption spectroscopy.

Since the coupling beam w. has been shifted by +814.5 MHz, a saturation of F=2 — F' =1
occurs at the position F =2 — F'=2 (see Fig. 4). This is because, for the same atomic velocity
group, the atoms ‘see’ one of the beams blue-shifted to the extent the F' =1 coincides with the
F'=2 energy level. This result shows that the V-type EIT could in principle be obtained when the
other conditions related to the EIT are met.

After the frequency of w, has been set as required with respect to w,, the two beams are
arranged in a co-propagating configuration through the interaction cell, as shown in Fig. 3. When
the laser is tuned to F=2 — F'=1 and the AOM is detuned around F=2 — F'=2 due to
application of the triangular waveform to the AOM driver, an EIT signal is observed (see Fig. 5).
The EIT is found to have the full width at half maximum equal to 2.7 MHz.

There appear some technical difficulties when producing this signal, which must be
obligatory solved if the EIT signal is to be used for highly precise measurements. These
difficulties are related to the very working principle of the AOM. The first difficulty is a
dependence of the diffraction angle and, therefore, of the modulation frequency on the radio-
frequency signal applied to the AOM driver. Increasing voltage applied to the AOM driver
increases the diffraction angle, and vice versa. Therefore, when the triangular waveform is applied
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Fig. 3. Experimental setup for selecting a correct frequency w.. Counter-propagating w, and w. beams are
monitored separately in different channels of an oscilloscope and the entire signal is compared with the
reference signal obtained using Doppler-free saturated absorption spectroscopy. The experimental components
are the same as in Fig. 2, except for an additional rotating beam splitter (RBS).
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Fig. 4. Spectra of ®Rb (F =3) and ¥Rb (F = 2) transitions. Red line corresponds to Doppler-broadened
spectrum of ®Rb (F=3)and ¥Rb (F = 2), and black line to Doppler-free saturated absorption spectrum of the
same transitions obtained from the reference signal as a part of optical setup for stabilizing and locking. The
peaks are as follows: (a) ¥Rb: F =2 — F'= 1 hyperfine transition, (b) ¥Rb: F =2 — F' = 2 hyperfine transition,
(c) ®Rb: F =3 transition that reveals hyperfine levels F'=2 and F'= 3, as well as crossover, and (d) ¥Rb:
F =2 — F'= 1 transition. Panels (e) and (f) show Doppler-broadened spectra of respectively Rb: F =2 — F'= 2
and ®Rb: F = 3 transitions. The peak *Rb: F =2 — F'= 1 is saturated by counter-propagating beam due to the
frequency shift +814.5 MHz, as seen from panel (d). The latter is clearly seen when the two spectra are
compared: saturation of ’Rb: F =2 — F'= 1 in the ‘red’ spectrum coincides with that of Rb: F=2 — F'=2 in
the ‘black’ spectrum.
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Fig. 5. EIT resonance observed when the coupling beam is scanned around the ¥Rb: F = 2 — F' = 2 transition.
Lorentzian fit (see red solid line) has the full width at half maximum equal to 2.7 MHz.

to the driver, the diffraction angle also follows this waveform. Changing diffraction angle causes a
change in the angle of overlapping between the coupling and probe beams. Moreover, the previous
reports [15, 19] have demonstrated a change in the amplitude, a broadening of the EIT width and
even destruction of the resonance due to increased angle between the coupling and probe beams.
In this situation any high-precision measurements based on this method could become impractical.
Various methods have been used to tackle these problems, e.g. coupling the two beams to a
fibre-optic cable [15], where the cable is thought to eliminate the angular change in overlapping of
the two beams at the exit. Besides, a double-pass configuration accompanied with a ‘cat’s eye’
optical arraignment have been reported to reduce the beam steering due to changing radio
frequency [20]. However, the both methods fail to solve completely the problem because, although
the optical fibre eliminates the changes in the overlapping angle, it induces intensity fluctuations
due to the triangular waveform. This is because the changes in the diffraction angle change the
efficiency of coupling between the optical fibre and the beam. This is a result of the fact that the
incident beam moves in and out of focus of the lens positioned at the entrance of fibre launch. This
intensity change for the w. beam imposes a fluctuating a.c. Stark shift and, therefore, a variable
Rabi frequency. Moreover, the variable power difference between w, and w. also produces a
variable shift in the frequency of interaction between the two beams. We have measured this
frequency shift to be 1 MHz per a 10 pW power difference between the two beams (see Fig. 6).
Finally, any application of the EIT effect based on the AOM becomes impractical, unless the
problems mentioned above are completely resolved. This is because one cannot decide whether the
changes in the signal are due to the experimental measurements or due to intrinsic spurious effects.
Reduction or complete elimination of the intensity fluctuations and the change in the angle
between the wy and w, beams can be carried out with an optical setup that involves a plane-convex
lens and a concave mirror. The both optical elements have the same focal length, f=+75 mm. The
increased optical path length due to AOM-crystal has been carefully measured and taken into
account. As seen from Fig. 7, no intensity fluctuation is detected for the AOM scanning up to
1.6 V. This value implies that the intensity should be stable and the beam can be steered in the
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Fig. 6. Shift in the interaction frequency resulting from power difference between the two beams. The inset
shows the frequency shift from a ‘zero power’ when the two beams have equal powers and the interaction-
frequency shift is zero. At small power differences, the frequency difference increases rapidly. However, in the
EIT regime where the power ratio of the probe and coupling beams is about 1:20, the linear fit is more relevant
(see the main panel). It can be seen that the power change resulting from the changes in diffraction efficiency
produces a frequency shift. One cannot distinguish between shifts due to power difference and those originated
from actual measurements.
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Fig. 7. Intensity change in the w. beam resulting from triangular wave applied. No intensity fluctuation is
observed for the scanning voltage lower than 1.5 V. Afterwards, a small change in the intensity is detected and
the fluctuations increase rapidly from 2.5V upward. The triangular waveform can be observed in the intensity
profile, especially at V=2.5V. Above this value, the intensity profile deviates from the simple triangular
waveform, taking on a more complex form. We think this results from the scattering efficiency proportional to
CFxcos?(Arr), Where A denotes the radio-frequency amplitude and CF the coupling factor. To record the
intensity changes, a photodiode is placed into the path of retroreflected first-order beam to detect any
fluctuations resulting from changing scanning-voltage amplitude applied. Although the time axis is in seconds, in
practice we deal with arbitrary units because the ‘time’ is taken directly from oscilloscope.
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modulation range as wide as 33 MHz in the double-pass configuration. Unlike the previous studies,
where complex combination of lenses has been used to focus the incident beam on the AOM cell,
we instead steer the laser beam directly onto the AOM, with no additional lenses.

The latter experimental scheme is more advantageous because the maximum diffraction
efficiency is achieved under the Bragg conditions, whereas both the optical and the acoustic waves
are usually thought to be plane waves, which is only an approximation. When a focusing lens is
used, outer rays of the input optical beam are not oriented at the same angle as the central part of
the beam and, therefore, the beam as a whole is not tilted at the Bragg angle with respect to the
acoustic wave front. As a consequence, the outer ‘edges’ of the beam do not diffract and, hence,
are not modulated as efficiently as the central region of the beam. This variation in the diffraction
efficiency for different parts of the beam produces an envelope in the modulated frequency of the
emergent beam, which results in the beam not having a single modulation parameter. Instead it is
spread over a range, which is controlled fundamentally by phonon interaction with the optical
wave fronts. The modulation broadening affects ultimately the linewidth of the EIT resonance.
Finally, combined implementation of all our experimental devices has offered a significant
stability in the degree of overlapping between the beams w, and w. and stable intensity and
modulation, when compared with the methods employed previously. This is illustrated by the
image of the emergent beam displayed in Fig. 8.

The minimal EIT width that could be measured in our studies amounts to 2.7 MHz. However,
this value can be further improved whenever the techniques related to resonance-width reduction
are implemented. Examples of these techniques include a use of paraffin-coated cell [21] and a
buffer gas added to the interaction cell [20, 21] (except for the effect observed in the E-type
interaction, where the buffer gas has been reported to increase the resonance width [24]). Note that
the earlier studies have reported the resonance width of up to 20 times smaller than the natural
width for D, in *’Rb, using a Laguerre—Gaussian coupling beam [25] and an appropriate beam
intensity [24, 25].

First - order Zero - order First - order Zero - order
diffracted diffracted diffracted diffracted
beam beam beam beam

Fig. 8. Image of AOM output showing both zero- and first-order diffracted beams. Panel (A) shows the image
taken in case if the AOM cells are set in the double-pass configuration, using a ‘cat’s eye’ optical arraignment.
Panel (B) shows the image obtained with the optical arrangement suggested in this work. A difference of the
first-order diffracted beams for the two methods is noteworthy; our method has enabled observation of a clear,
circular-shaped and smaller-spread beam. A slight change in the vertical position of the first-order diffracted
beam seen in panel (B) results from z-axis misalignment of the AOM cell, which can be corrected using a three-
axis rotational mount.

When all of our ‘narrowing’ techniques are implemented, the experimental method of ours
can be used to build a robust and stable magnetometer using Zeeman sub-levels [26-28]. This can
be carried out after our experimental setup is modified via addition of a quarter-wave plate placed
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in front of the cell, so that the w, and w, beams are orthogonal and circularly polarized (o.).
Moreover, an external magnetic field can be applied to the solenoid that houses interaction cell.
Then the two beams would interact with different Zeeman sub-levels. Investigations of these
points will be a focus of our future work.

5. Conclusions

We have described in detail the experimental setup and the appropriate results obtained for the
optimized AOM setup aimed at observing the V-type EIT, using the D line of *’Rb. The technical
challenges and the intrinsic problems of this method, such as beam-intensity fluctuations and
beam-steering effects are thoroughly discussed. The solutions to these problems are formulated in
terms of our stable and optimized optical setup. We have shown that the modulation from the
AOM is stable and the intensity fluctuations are practically absent for up to 33 MHz. Then the EIT
resonance with the linewidth of 2.7 MHz has been observed. This is a result of signal applied
externally. We have also demonstrated that our method can produce a sharper, circularly shaped
and less spread emergent beam. This is achieved using a simple optical arraignment, when
compared with the methods suggested in the earlier works.

The EIT effect based on our method offers several advantages as compared to the other
modulation methods. They include production of a bichromatic beam outside of external-cavity
diode /aser, where both the probe and the coupling beams are equally affected by any mechanical
or electrical perturbations to the external-cavity diode /aser. Since the perturbation in this /aser
affects the both beams equally, the mode hopping, beam-power fluctuation and the frequency drift
occurring in diode lasers due to temperature effects or misalignments of the cavity are not longer
relevant. In fact, these effects are totally eliminated. This fact is important because complicated
and expensive temperature and current stabilizations of the external-cavity diode laser are then
needless. Hence, a cheap diode laser can be used in the optical scheme. Most importantly, unlike
the technique of direct modulation of injection current in the laser, the AOM keeps the laser
linewidth as small as possible. This is crucial for highly precise measurements.
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Anomauyia. [Ipeocmasneno excnepumenmanshy yCmanoGKy ONMUMI306aH020 AKYCMOONMUYHO2O
MOOYIAMOpA, NPUHAYEHO20 OJi CNOCHEPEJICEHHS eNeKMPOMASHIMHO IHOYKOBAHO20 PE30HANCY
nposopocmi V-muny na ninii’ D; py6iodiio-87, e noéHa wupuna Ha NOJOSUHL MAKCUMYMY OOPIGHIOE
2,7 MI'y. [oxnaono obeogopeno moxcausi apmedaxmu ma nedadxcami @naueu Ha CUSHA€, ujo
3’AGNAIOMbCA 8 PAMKAX HAUWI020 Memooy. Piwenna maxux mexuwiunux npoonem, sx 6iOXuneHus
npoMeHs ma KOAUSAHMSI [HMEHCUBHOCMI, 3HAUOEHO 6 OnmuMizayii ONMuuHOI YCMAHOBKU.
3asnauenuti cnocib NpPonoHye HU3KY nepesas, 30Kpema €OuHull Oi0OHUll 1asep i3 308HIWMIM
PE30HAMOPOM 05l CIMBOPEHHSL DIXPOMAMUYHO20 ONMUYHO20 NOJIA NO3A JIA3EPOM, 3A80SAKU YOMY I
83A€MOO0iOUUL, | 30HO08ULl NPOMeHI Maroms 0O0HAKo8i eiracmueocmi. Binbwe mozo, 30ypenns
Jasepa uepe3 HABKOAUWIHI BRAUBU OOHAKOBO GnIUGaloms Ha o0budsa nyuxku. Tax modcha
BUKTIIOUUMU  8NAUBU MOOOBUX NEPECKOKI8, (DAYKMyayi NomyxcHocmi npomens ma opeudy
yacmomu Ha pesonarnc. Tooi Hemae nompebu 6 CKIaowill [ opoeiil cmabinizayii memnepamypu ma
cmpymy, a makoxc 6 OnoxkysanvHomy Oaoyi. Ilpocmoma ma cmabinbHicmb 800CKOHANEHO20
VCMAmMKy8anus pooums Hawi Memoo NpuoamuuM 015 6a2amvoX 3ACMOCY8aHb, 3ACHOBAHUX HA
eNeKMPOMASHIMHO THOYKOBAHIN NPO30pOCMi, 0COONUO MUX, WO CMOCYIOMbCA 00ACHI MOYHUX
BUMIDIOBAHD.
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