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Abstract

We have constructed and characterized an affordable medium-finesse optical cavity (F ~ 1500) for the stabilization of tunable
diode lasers at two different wavelengths (780, and 960 nm, respectively). Its main element is an ultra-low expansion glass
spacer, whose temperature was stabilized using thermoelectric cooler elements inside a vacuum chamber. By combining the
dual sideband technique and the classical Pound—Drever—Hall technique, we were able to lock the lasers at any frequency
within the cavity free spectral range. The cavity presents a long-term drift of resonant frequency of 1.2 MHz/day, which
can be compensated for by temperature variation. Finally, we demonstrate the cavity use in an electromagnetically induced
transparency microwave spectrum experiment in a thermal atomic sample.

1 Introduction

Frequency-stabilized lasers have a broad range of applica-
tions in basic research and technology. Well known exam-
ples are the detection of gravitational waves [1] and high
precision clocks for metrology and relativity theory tests
[2, 3]. Frequency-stabilized lasers are also extensively
employed across various research fields, such as quantum
gases, molecular physics, and Rydberg atoms. In the 1940s,
Pound pointed out that atomic and molecular transitions
in the microwave region could be studied with great preci-
sion using a highly stable signal generator [4]. In the 1960s,
He—Ne laser [5] frequency stabilization was proposed using
as a reference the “burned holes” in the Gaussian emission
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profile due to saturation of the amplifier medium, a phenom-
enon known as Lamb dip [6]. Later, Paul and Michael set
the foundation for the development of the now widely used
saturation absorption spectroscopy (SAS) [7]. Later, it was
improved by polarization spectroscopy [8] and modulation
transfer spectroscopy [9]. Such techniques are widely used
nowadays because of their simplicity and robustness. How-
ever, they have two major disadvantages: (1) the linewidth
of the locked laser is determined by the width of the atomic/
molecular transition; and (2) the locked frequency is deter-
mined by the same transitions, requiring the use of acousto-
optic modulators (AOM’s) to lock the laser frequency in a
small frequency range near such transitions.

This problem can be solved using the resonance frequency
of optical cavities. The position, width, and separation of
resonant frequencies are, in theory, tunable with the choice
of cavity geometry and reflectivity of its mirrors (finesse).
Traditionally, this can be achieved by applying homodyne
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detection to a phase-modulated beam reflected by an optical
cavity, with the error signal being electrically fed back into a
laser [10]. This is known as the Pound—Drever—Hall (PDH)
technique, and it connects the instability of the resonator
length to variations of the laser frequency. So, it requires
that the optical cavity be isolated from temperature/pres-
sure variations and mechanical vibrations. In general, such
cavities are built using ultra-low expansion (ULE) glass and
nowadays are commercially available. They serve as work-
horses for laser stabilization in atomic physics. However, the
majority of experiments do not require a linewidth below
10 kHz. Consequently, it is feasible to fabricate homemade
cavities tailored to experiments with lower stability require-
ments at a reduced cost.

In this work, we have designed, constructed and char-
acterized an affordable medium-finesse optical cavity
operating at wavelengths of 780 nm and 960 nm, which is
employed for laser stabilization in Rydberg atom experi-
ments. Our setup is based on the design developed by de
Hond et al. [11]; however, we have made improvements by
utilizing a lighter ULE spacer and achieving temperature sta-
bilization through the use of thermoelectric cooler elements
within a vacuum chamber. The cavity presents a long-term
drift of the resonant frequency of 1.2 MHz/day, which can
be compensated for by temperature variation. To finalize, the
cavity use is demonstrated in an electromagnetically induced
transparency (EIT) microwave spectrum experiment [12,
13]. Here, we provide a simple recipe for constructing and
characterizing an optical cavity, which may be used for hot
and cold Rydberg atom experiments as well as other atomic
physics experiments.

2 Optical cavity design

We chose to build a 100 mm long plano-concave Fabry—Perot
interferometer because: (1) its alignment is simpler than
other cavity configurations and (2) its free spectral range and
medium finesse will allow us to lock and narrow the frequency
of our diode lasers using movable sidebands, as pointed out
by de Hond et al. [11]. The cavity is formed by a hollow ULE
glass cylinder [14], which is 100 mm long with 25.4 mm
external diameter and 21.7 mm internal diameter, respectively
(Fig. 1). A hole of 12.7 mm diameter on the side is used for
vacuum pumping. The weight of our spacer is ~ 30 g, which
is one order of magnitude lighter than that used by de Hond
etal. [11]. At the ends of the spacer, custom-made fused silica
mirrors, produced by LAYERTEC, are glued onto it using
EPO-TEK 353ND epoxy [15]. The mirrors are spherical with
25 mm diameter and 7 mm thickness. Their radii of curvature
are R; = 500mm and R, = oo, respectively. The reflecting
surfaces have a reflectivity of 99.8 + 0.1% for 780 and 960
nm, while the back surfaces have an antireflector coating
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Fig. 1 Drawings of the optical cavity design, which is formed by a
100 mm long ULE spacer with two highly reflective mirrors glued to
its ends. The main dimensions are shown

(reflectivity below 0.25%). Figure 1 shows schematic draw-
ings of the optical cavity. This cavity design should present a
free spectral range of (Avpge = ¢/2L) 1500 MHz and a finesse
of 1500.

3 Temperature stabilization

Small temperature changes (AT’ will affect the length of the
cavity (AL), shifting the optical resonance positions by Av,
which is given by [11]:

caAT

Av = T ey

where c is the light speed, A the laser wavelength, and «
the ULE thermal expansion coefficient (upper limit of
30.0 x 1072 K~ [14]). If we consider the a upper limit, a
laboratory temperature change of AT = 1 K over 24 h, Av
is greater than 10 MHz for 4 = 780 nm, making the cav-
ity unsuitable for laser frequency locking. Therefore, the
temperature must be actively stabilized. To implement it,
the cavity is housed in a hollow aluminum support cylin-
der, 135.13 mm long, with an inner diameter 27.4 mm and
an outer diameter 51.4 mm, respectively. The cylinder was
milled along its axis to form a flat surface with dimensions
of (135.13 x 35.71 mm?). Two Viton rings perfectly fill the
gap between the cavity and the cylinder, and they are the
only thermal contact between the cavity and the aluminum
housing, limiting the temperature stabilization speed. A sec-
ond aluminum cylinder of 155 mm length and 360.32 mm
diameter was also milled along its axis to form a rectangular
surface of (155.00 x 40.04 mm?), which serves as the base
of the cavity housing (Fig. 2a). Three thermoelectric coolers



Affordable medium-finesse optical cavity for diode laser stabilization

Page3of 11 60

(TEC model RC12-8L, Marlow Industries) were installed
between these parts, to stabilize the cavity temperature.
Vacuum thermal grease (Apiezon M grease) was applied on
TEC’s and cylinders to increase thermal conductivity. Four
negative thermal coefficient thermistors (NTC model 1600-
10 K, Arroyo Instruments) were glued with vacuum epoxy
(Epoxy Patch 432037) to the outer surface of the support
cylinder, as shown in Fig. 2b. The temperature controller

ThL ThCl ThC2 ThR

(b)

TEC L TECC TECR

Fig.2 Schematic drawing of the aluminum support cylinder, which
houses the optical cavity. Three thermoelectric coolers (TEC L, TEC
C and TEC R) and four thermistors (Th L, Th C1, Th C2 and Th R)
were installed to stabilize the temperature

Fig.3 Drawings of a side view
of the system; b system with
the cavity mounted inside.

The principal elements of the
vacuum system are pointed out
as follows: (I) tee; (II) 4-way
cross; (III) all metal angle
valve; (IV) two UV grade fused
silica viewports; (V) multipin
feedthrough, (VI) ion pump, and
(VII) aluminum supports

II

(TECSource 5240, Arroyo Instruments) has a precision of
10mK and a temperature stability of 4 mK. The center-left
thermistor (Th C1) feeds back to the temperature controller,
while the other three thermistors monitor the temperature
gradient through the system. Finally, two aluminum caps
were screwed onto the ends of the cylinder, with a diameter
hole 12.70 mm, allowing optical access (Fig. 2a). Detailed
drawings are available in the Supplementary Material. The
whole system, cavity and aluminum housing, was placed
inside a high vacuum setup, which will be discussed in the
next section.

4 Vacuum system

To isolate the cavity from air flux and environmental tem-
perature change, the optical cavity and aluminum housing
(Fig. 2b) were placed inside a vacuum setup. The vacuum
system is made up of several standard stainless steel vacuum
parts (from MDC precision): (1) a tee (PN 404038) (I in
Fig. 3a); (2) a 4-way cross (PN 405031) (I in Fig. 3a); (3)
an all metal angle valve (PN 314006) (III in Fig. 3a); (4)
two UV grade fused silica viewports (PN 9722013) (IV
in Fig. 3a); (5) a multipin feedthrough (PN 9131002) (V
in Fig. 3b); (6) two zero length reducers (PN 150006 and
150008), which have an antireflector coating (reflectiv-
ity below 0.5%) in both surfaces. Vacuum thermal grease
was also applied between the base cylinder and the tee to
improve the thermal conductivity. Kapton insulated copper
wires (PN: 113094 and 112088, Accu-Glass Product Inc.)
and PTFE teflon shrink tubing (PN: 111316, Accu-Glass
Product Inc.) were used for the electrical connections of the
TEC’s and thermistors. An ion pump (Agilent 2L/s) (VI in
Fig. 3b), was dedicated to keep the vacuum in the system.
The entire system was installed on aluminum supports (VII
in Fig. 3b) to guarantee mechanical stability.

II1

\VI

/

VII
(b)
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After the system was assembled, it was evacuated using
a turbo pump, while heated to a temperature of 50 °C. After
one week, the pressure was 4 X 10~ torr. At this point, the
ion pump was turned on, the valve was closed, and the turbo
pump was turned off and disconnected. The final pressure is
the order of 1078 torr (derived from the ion pump current).

5 Experimental setup and optical sideband
generation

Here, we describe the experimental setup used to imple-
ment frequency locking of two frequency diode lasers (DL
Pro, Toptica), operating at 960 and 780 nm, simultaneously
in the same optical cavity using the Dual sideband (DSB)
locking technique [16]. The experimental setup is shown
in Fig. 4a; about 1 mW of power of each laser is coupled
to a lithium niobate electro-optic modulator (EOM) (either
PM-0S5-10-PFA-PFA-780 or PM-0S5-10-PFA-PFA-960 for
780 and 960 nm, respectively, EOSpace). The frequency of
the movable sidebands was generated using a controllable
RF source (SynthUSBII model, WindFreak Technologies,
LLC). Such a generator operates from 34 to 4400 MHz, cov-
ering the full FSR of the cavity, which can be controlled by
either the manufacturer’s software or Python codes. How-
ever, its power output is insufficient to drive the fiber-based
EOMs. To address this, we incorporated a 20 dB low-noise
amplifier (model ZFL-1000LN+ by Mini-Circuits). The
second modulation frequency, for the Pound—Drever—Hall
locking scheme [17], is generated by the Digilock 110 mod-
ule (Toptica) at fractions of 25 MHz. Both RF signals are
combined in a 2-way power splitter (model ZFSC-2-1W
+, Minicircuits), whose output was injected into a lithium
niobate EOM. The electronic DSB modulation system is
shown in Fig. 4b. At the modulator output, the single-mode
PM fiber delivers a linear polarized Gaussian beam (~ 300
pW), which is matched to the HG, mode of the cavity using
lenses (L) and mirrors (M). In our case, we chose that each
wavelength enters the cavity at a different window. Before
entering the cavity, the laser beam passes through a PBS and
a quarter-wave plate (4/4), which will separate the reflection
signal, detected by amplified fast photodetectors PD1 and
PD2 (model PDA8A2, Thorlabs). This signal is processed by
the Digilock 110 module (Toptica) to obtain the PDH error
signal, which feeds the PID1 and PID2 Digilock circuits that
drive the diode current and piezo voltage, respectively, as
shown in Fig. 4b. A dichroic mirror (DM) placed in the back
end region of the cavities serves as a mirror for the 780 nm
laser to be coupled into the cavity and separates the 960 nm
laser transmitted by the cavity. Then, the transmission sig-
nal of the 960 nm laser is monitored by a fast photodetector
PD3 (model DET10A, Thorlabs) and a laser beam profiler
(model LBP-1-USB, Newport). This signal is used to obtain
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Fig.4 Experimental setup for simultaneously locking the two cw tun-
able lasers (960 and 780 nm) in the same optical cavity, used the DSB
locking technique. a Optical setup. b The electronic feedback circuit
setup

the best alignment to the fundamental mode of the cavity and
to study the spectral properties of the cavity.

6 Cavity properties
6.1 Spectral characteristics

Initially, we have observed the transmission spectra using
a digital oscilloscope, while the laser frequency was swept
across two fundamental mode peaks. Figure 5a and b show
the cavity spectra without and with moving sidebands at
100 MHz, respectively. In this case, a mode matching effi-
ciency of 99% was obtained. Figure 5c shows the spectrum
when the laser beam is slightly misaligned in the horizon-
tal direction, exciting higher order modes. Figure 5d shows
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Fig.5 Transmission cavity 0 500 1000 1500
spectra across two fundamental 100} (3) ‘ ‘ ' I'
modes with a ~ 99 % matching 0751 FSR
efficiency. a Without sidebands; 050l
b with moving sidebands at 0251
100 MHz. ¢ With a slightly =000
misaligned laser beam, showing =
> 1.00 -

the HGy, (peak I), HG (peak
II) and HG,, (peak III). d Trans-
verse beam profile for the HG,,
HG,, and HG,, modes (peaks I,
1I and II1, respectively)

L 075¢
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(d)

the transverse beam profile for the HGy,, HG;, and HG,,
modes (peaks I, II and III, respectively). The frequencies of
HG,,, HG,, modes are shifted from the fundamental mode
by approximately 15 and 30 % of the FSR, respectively [18].

The next step was to measure the cavity FSR using the
fact that the right (Iz) and left (II; ) movable sidebands of
adjacent fundamental modes (I and IIg), shown in Fig. 6a,
overlaps when the modulation frequency is half of the FSR.
Figure 6b shows the movable sidebands as a function of
the laser PZT voltage for several EOM modulation frequen-
cies. The laser PZT voltage difference (AV), between (Iy)
and (I} ), is measured as a function of the modulation fre-
quency, and shown in Fig. 6¢c. By a linear fitting, we obtain
the intercept with the horizontal axis, and we obtained
Avggr = 1497.6 + 0.1 MHz, which is less than the expected
Avggr = 1500 MHz. To precisely calculate the FSR, it is
necessary to take into account the curvature of one of the
mirrors and its diameter, which increases the cavity length
[11], leading to Avggg = 1496.6 MHz.

Figure 7 shows the resonance in the transmission signal.
Unfortunately, it does not allow us to obtain an accurate
linewidth for the cavity because it is a convolution of the
light transmission with the photodetector time response.
One could imagine that the measurement of the radiation
lifetime in the cavity would allow us to obtain the mir-
ror reflection and, therefore, the finesse. However, for our
case, the lifetime would be about 100 ns, and the pho-
todetector time response would be an issue as well. So,
we can only make a crude estimate of the linewidth of

560 10|00 15|00
Detuning (MHz)

Fig. 7, which is approximately 1 MHz (FWHM). By divid-
ing Avggg by the FWHM, we obtain (F ~ 1500), which is
enough to lock the lasers and reduce their linewidth to «
1 MHz.

6.2 Thermal stability and tuning

Typically, at room temperature, the thermal expansion coef-
ficient () is well known for ULE and fused silica (FS), and
are given by [19]:

ayLe(T) =Pure(T — Tp), )

apg(T) =500 x 1072 K1 4 fo(T — 294.15K), 3)

where By = 2.4 X 1077 K2 and fig = 2.2 x 1072 K2 are
the linear coefficients of thermal expansion of ULE and
FS, respectively, and (7)) is the zero-crossing temperature,
around 21 °C for ULE. However, by combining a ULE
spacer and fused silica mirrors, we obtain an effective ther-
mal expansion coefficient (a.4) for the cavity [20]. In the
case of optically contacted mirrors, this effect is mainly due
to the structural deformation of the mirror surfaces caused
by the mismatch of the CTE of both materials. Following
the approach described by Legero et al. [21], we can write
the effective CTE of our cavity as

@ Springer
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Fig.6 Scheme for the FSR

measurement by varying the 1.00

moving sideband frequency of
two adjacent modes. a Cavity
reflection signal as a function
of the laser PZT voltage around
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Fig.7 Cavity transmission signal with sidebands at 12.5 MHz. The
linewidth is estimated to be about 1 MHz

R
Oeip = Qurg + 252(0‘1:5 — ayLp)s 4

where 6 is the coupling coefficient defined as the ratio
between the longitudinal and radial expansion (dL/dR), and
it depends only on the geometric and mechanical character-
istics of the FS mirrors and the ULE spacer.

@ Springer

To quantify the thermal expansion of the cavity, we
have set up an experiment. Figure 8 shows the cav-
ity reflection signal (blue line) of a frequency scanning
780 nm laser and its saturated absorption spectroscopy
(black line) over the 5S;, (F' =2) - 5P;),) line of
87Rb using a commercial equipment (model Cosy, TEM
Messtechnik GmbH). The frequency difference (Av)
between the cavity peak and the crossover transition
(582 (F' =2) = 5P, (F" =2 or F"" = 3)) was measured
as a function of the temperature in the 15 — 30 °C range.

When the temperature setting is modified in the control-
ler, the aluminum housing reaches thermal equilibrium in a
few minutes. However, due to the poor thermal contact of the
Viton rings, the cavity takes longer to reach thermal equilib-
rium. The inset of Fig. 9 shows Av as a function of time for
a temperature change from 26 to 28 °C. The first decay time
can be estimated as 30 min, while the second decay time is
~ 3 h. To ensure that thermal equilibrium has been reached,
we wait for the system to stabilize for 24 h after each tem-
perature change, before taking a measurement. Figure 9
shows Av as a function of temperature, which presents a lin-
ear decrease with a slope of m = 52.0 + 0.4 MHz/K. Using
this slope and Eq. (1), we can estimate an effective thermal
expansion coefficient of 135 x 107 K~!. Also, we estimate
6 = 1. Our values for é and a4 are one order of magnitude
higher compared to ultrastable cavities. This result is due to
the combined effect of the geometry and dimensions of the
cavity, the mirror substrate, and the glue used. The stability
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Fig.8 Cavity reflection signal

(blue line) of a frequency 1.0

scanning 780 nm laser and its
saturated absorption spec-
troscopy (black line) over the
58,5 (F' =2) - 5P;,) line of
87Rb. (Av) is the frequency dif-
ference between the cavity peak
and the crossover transition

0.8

0.6

04

0.2

0.0

Saturated absorption signal (arb. units)

-400

400

200

Av (MHz)
o

=200 | <

0

400} T ® B ]
1 1 1 1 1 1 1 1 1

14 16 18 20 22 24 26 28 30
Temperature (°C)

Fig.9 Av as a function of the temperature in the 15-30 °C range. The
inset shows Av as a function of time for a temperature change from
26t028°C

of the temperature controller is about 4 mK, which repre-
sents a frequency stability of approximately 200 kHz for
our cavity. This result suggests that a laser could be locked
to any frequency to the cavity just by temperature tuning it
without the use of an EOM.

7 Linewidth and long-term drift

Figure 10a shows the PDH signal, obtained from the Dig-
ilock module using a 25 MHz modulation. The central peak
and valley are connected by a line (red line) with a slope of
D ~ 3.5V /MHz. This signal is used to lock the laser, by
optimizing the PID 1 and 2 feedback controllers from the
Toptica module. Once the laser is locked, the error signal
is monitored, as shown in Fig. 10b (blue dots), and it can
be used to estimate the laser linewidth. We took a hundred
thousand points, separated by 500 ns, which allowed us to
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Fig. 10 a PDH error signal generated with a 25 MHz modulation. The
red line is an estimation of the slope. b PDH error signal with the
laser locked (AVgpg ~ 0.07 V)

obtain a AVpyg ~ 0.07 V. The RMS variation of the laser
frequency is given by Avgys = AVrpms/D. According to
[22], the laser linewidth is Avpypy = 2.355Avgps. Which
is about ~ 47 kHz in our case. It is important to note that
this procedure only allows us to obtain an upper limit for

@ Springer
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the linewidth. A precise measurement requires a self hetero-
dyning technique, however, this is outside the scope of this
work. Nevertheless, it is important to note that [11] used a
higher frequency bandwidth PDH electronics than us, there-
fore, it was expected that our linewidth would be larger.
Also, for our Rydberg experiments, an important param-
eter is the long-term stability of the laser source. However,
the process of a “creep” in the crystallization of the different
spacer material causes a slow and perpetual shortening of
the cavity length [23]. In the case of ULE, the long-term
drift (LTD) in resonant frequency has been estimated at
approximately 10 kHz/day [6]. Other effects as the curing
of the glue crept between the spacer and the mirrors of the
cavity can produce an increase in the rate of the drift and
also an expansion of the cavity length [11]. Depending on
the experimental application and the long-term drift, this
variation must be corrected daily by adjusting the movable
sideband frequency. To measure the cavity long-term drift,
we have monitored the resonant frequency of a fundamental
mode, by locking the 780 nm laser frequency to a movable
sideband. Then, the RF frequency of the movable sideband
was tuned to maximize the saturation absorption transition
Rb 58, ), (F' = 3) = 5P;, (F"" = 4) signal using a Cosy.
This procedure allows us to measure the frequency differ-
ence between a fundamental mode and the atomic transition
(Av; 1p), during one month, under constant temperature con-
ditions (18 °C). Figure 11 shows the experimental data (blue
dots) of the frequency difference between (Av, ) and the
initial frequency (Av; (¢ = 0)) as a function of time. Using
a linear fit (blue line in Fig. 11), we estimated a slope of

T T T T T T T
N L 4
S 0
=l
&
=
| 10r T
[u]
Nt o
Q o
=
g 20} g
<
[
=
S -30 - -
~
~
Y
<
40 + 4
1 " 1 " 1 " 1 " 1 " 1 " 1 "
0 5 10 15 20 25 30 35
Time (days)

Fig. 11 Frequency difference (Av;1p(f) — Avip(f =0)), between
the relative frequency of a cavity fundamental mode with respect
to the atomic frequency (Av; (7)) and its initial relative frequency
(Avpp(t = 0)), as a function of time. The blue points are the experi-
mental data and the blue line is a linear fit for constant temperature
conditions. The red dots are the experimental data and the red line
is a linear fit when the temperature cavity is swept at a rate of 1.37
mK/h
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1.19 + 0.02 MHz/day. Since the frequency of the sideband
decreases with time, the carrier frequency increases, so the
cavity shrinks at a rate of 0.3 nm/day, which must be due
to the curing of the epoxy glued mirror [11], since the other
materials have a much smaller drift [6, 23]. To compensate
for the natural cavity LTD, we have programmed the tem-
perature controller to increase the temperature at a constant
rate of 1.37 mK /h, and repeated the measurement. The data
are shown by red dots in Fig. 11, presenting a long-term drift
of 125 kHz/day. In principle, this temperature compensation
technique could be improved, and eventually, the use of an
EOM would no longer be required since the cavity could be
temperature tuned.

8 EIT microwave spectrum

To demonstrate the usability of the constructed optical
cavity and its robustness, we have set up a simple Elec-
tromagnetically Induced Transparency (EIT) experiment
using a sample of atomic 3>Rb kept in a vapor cell at room
temperature. Constant monitoring of a probe light gives
us information on the transmission profile in response to
microwave perturbations [12]. Figure 12a shows the atomic
states and radiation fields involved. The probe laser, operat-
ing at 780 nm, is frequency locked to the optical cavity in
the 58, , (F' = 3) — 5P;, (F" = 4) transition, its detuning
(A,) is set 0 MHz and Rabi frequency (2,) to 2.2 MHz.
A control laser, at 480 nm, connects an intermediate state
5Py, (F" = 4) — 685 5, its detuning (A,) is set 0 Hz and
Rabi frequency (€2,) to 3.5 MHz. This light is generated by
second-harmonic generation (SHG) of a 960 nm diode laser.
The 960 nm laser is also frequency locked to the same cav-
ity (dual locking). A microwave photon is used to observe
the opening windows of EIT and EIA (Electromagnetic
Induced Absorption) throughout the probe beam [24]. A
microwave generator feeds a microwave horn to drive the
68S,,, — 68P; ), transition (Fig. 12b). To increase the sig-
nal-to-noise ratio, the microwave generator is modulated at 1
kHz, and the transmitted signal from the probe is processed
by a lock-in amplifier [25]. Figure 13 shows the normal-
ized probe transmission signal as a function of microwave
frequency and normalized microwave power. The plot illus-
trates a complex relationship between microwave power
and frequency, leading to an increase in transparency (EIT)
and absorption (EIA). Such spectra are typical of multipho-
tonic quantum interference [26]. In particular, it is possible
to observe two microwave photon transition around 11.779
MHz (68S,, = 695 ),).

To estimate the linewidth of the 480 nm laser, we have
investigated this transition in more detail as a function of
microwave power. Figure 14a shows the EIT spectrum as
a function of the microwave frequency for the highest and
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Fig.12 a Scheme of the five-level atom and the radiation fields
involved in the experiment. States 58, (F' = 3) and 5P, (F"" = 4)
are coupled by the probe laser, states 5P, (F” = 4) and 68, are
coupled by the control laser. States 68S,,,, 68P5,, and 695, are
Rydberg levels, connected by microwave radiation. b Experimental
setup (not to scale): Dichroic mirrors (DM), microwave horn, vapor
cell, and photodetector (PD). A probe and control lasers counterprop-
agate inside a rubidium vapor cell under the influence of an MW field
generated at the MW horn

lowest microwave power. Clearly, the transition linewidth
(Avyp) is broadened by the microwave power. Figure 14b
shows Avpp as a function of normalized microwave power,
which presents a linear dependence. By extrapolating the fit,
we obtain Avpp =133 + 15 kHz for zero microwave power.
The linewidth is limited by the 480 nm laser linewidth, the
Rydberg S, /, state linewidths involved in the transition, Dop-
pler effect, etc. For our case, the estimated 480 nm laser
linewidth is about 100 kHz, and the states involved have
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Fig. 13 685, ), state EIT probe transmission signal as a function of
the microwave frequency and its power
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normalized microwave power
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linewidths of about 10 kHz. Therefore, the obtained Avqp
is consistent with our experimental setup. Figure 14c shows
the center frequency (vrp) of the two photon transition as a
function of normalized microwave power. By extrapolating
the fitting, we obtain vpp=11779.105 + 0.004 MHz, which
is in very good agreement with the calculated value (vpp=
11779.11 MHz) [27].

9 Conclusions

In this work, we have constructed and characterized an
affordable medium-finesse optical cavity (F ~ 1500), to
simultaneously stabilize two cw tunable diode lasers at
780 and 960nm. We have provided a simple recipe for
its construction and characterization. Its temperature is
controlled using TEC elements inside a high-vacuum
chamber, which allows us to tune a full FSR of the cavity
in the 15-30°C range. We were able to lock the lasers at
any frequency within the cavity free spectral range (FSR)
using the Pound—Drever—Hall technique (PDH). We have
measured the long-term drift of the cavity, which is about
1.2MHz/day. We have also demonstrated that it can be
compensated for by methodically controlling temperature
variation. Finally, we have demonstrated its use in an EIT
experiment using a two photon Rydberg microwave spec-
troscopy, the system allowed us to observe linewidths down
to 130 kHz. Certainly, the current configuration is versatile
and suitable for both atom cooling and trapping, as well as
Rydberg atom physics experiments. We should point that our
present system linewidth is limited by the locking electronics
only, but that is not an issue for Rydberg physics in thermal
samples [13].
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