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Introduction

The measurement of time by means of periodic phenomena is an important challenge
since the beginning of the human being. Nowadays, time and its inverse, frequency,
are the most precisely measurable physical quantities so that they have become the
key feature in the SI units system[1] and a probing test for most of the physical
fundamental theories and principles [2, 3, 4].
Nevertheless many applications in fields like radio astronomy, earth and space
based telecommunications, computing and space missions [5] are demanding time
and frequency standards with increased accuracy and reliability. This fact gives a
decisive impulse to the science of “time measurement” and develop more and more
refined techniques to build clocks.
The heart of every clock is its characteristic frequency. The fundamental frequency
now corresponds to 1/84’000th of a Hz, corresponding to the frequency of the caesium
clock transition. It defines the SI unit of ‘time’ since 1967. Choosing a higher carrier
frequency allows time to be divided into smaller units, and therefore measured with
higher precision. This is fundamentally because a counting instrument will always
have at least an inaccuracy of one cycle, so as many periods that can be counted
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in a given amount if time should be used. Shifting the carrier frequency from the
radio frequency (RF) range (109÷11 Hz) to the optical frequency range (1015 Hz)
will significantly improve the actual limit precision on time keeping and frequency
measurement up to two order of magnitude.
The natural extension of those ideas led to optical atomic clocks, and also optical
frequency references. Several kinds pf optical atomic clocks have been designed and
built in the last few years to shift the measurement of time and frequency in the
optical region. In particular, we can distinguish between three types if optical atomic
clock: free falling neutral atoms clocks, single ion clocks and finally optical lattice
clocks.
An increasing number of laboratories spread around the world have started building and comparing optical atomic clocks. The research which here we are reporting
has been carried out in one of these laboratories, the European Laboratory for Nonlinear Spectroscopy (LENS), sited at the University of Florence. Here a strontium
optical lattice clock is under development with other experiments on the same atomic
source, exploiting the particular characteristics of such an atomic element[6].

Figure 1: Schematic view of an optical lattice clock: the ultra-narrow laser probe
interrogate the atoms at the clock transition. In this simple scheme, the absorption
signal is used to stabilize the laser frequency, which is counted by a femtosecond
frequency comb.
In Fig.1 the conceptual scheme of an optical lattice clock is shown. Cold atoms
trapped in an optical lattice are interrogated by a laser beam (the “local oscillator”)
on a certain very narrow (∆ν . 1Hz) atomic transition. The laser is actively kept
on the top of the absorption resonance by a feedback control loop, acquiring the
stability of the atomic transition. The laser frequency so stabilized has to be read by
a counter, but no electronics can count such a fast oscillation (hundreds of THz’s).
Thus a femtosecond frequency comb[7] is employed to measure the absolute frequency
of the laser radiation and to count the beating of the laser with one of the comb’s
3

teeth.
However, in order to take advantage of the big carrier frequency, the phase of the
optical carrier must be measured to just as great a fractional precision as it already
is for microwaves. Once the light is coherent with the atomic oscillator, the ultimate
short-term stability (“Allan deviation”) is given by the quantum limit
σy (τ ) =

δν
1
,
= √
ν0
ω0 N TR τ

(1)

where N is the number of interrogated atoms, TR is the interrogation time, which
can be as long as the transition lifetime τ0 , and τ is the total time for which the
atomic system is interrogated, i.e. the average time. Equation 1 is valid in the limit
in which the local oscillator laser probe has negligible frequency noise. Furthermore,
trapping the atoms in Lamb-Dicke regime[8] (for single ions and optical lattice clocks)
all the mechanical effects of the light probe (recoil and Doppler effects) are canceled.
This should also allow to keep inaccuracy effects very low.
The aim of this work consists of developing a high spectral purity laser radiation in
such a way its linewidth and stability can be suitable for an optical atomic clock probe
radiation. In order to approach a short term stability comparable to the one given
by Eq.1, the laser frequency inaccuracy has to be as small as the atomic transition
or less.
In particular, we report on the accurate work about the characterization of the
passive resonators on which the laser source in stabilized, the current performances
of the laser local oscillator we are preparing for our strontium clock and the relative
experiments carried out.
Finally, we trace the future development of our measurements on the laser source
and the atomic system.

2

Optical lattice clock: atomic reference setup

The stronitium optical lattice clock experiment consist of two main subsystems. The
first is the strontium atomic reference, where strontium atoms are cooled and trapped.
The second subsystem is the laser light which works as local oscillator for the clock.
They were made in two different laboratories and are both under development. In
this section we give a brief description of the main reasons to use Sr atoms and the
strontium experimental setup (see Fig.2).

2.1

The strontium atom

Strontium is an alkaline earth atom. It is of particular interest its electronic level
structure, which made it the subject of active research in several fields. Among
these subjects, the detection of ultra-narrow transitions in the visible region makes
strontium a good candidate for metrologic applications.
4

Figure 2: Drawing of the vacuum system designed for the strontium experiment at
LENS[9].
Strontium has four natural isotopes (atomic numbers: 88, 86, 87, 84, ordered by
natural abundances). The bosonic (even) isotopes have zero nuclear spin, thus they
are perfect scalar particles in the J = 0 states. This has important consequences for
application to optical metrology.
Concerning strontium electronic level structure, due to the presence of two electrons in the outer shell, the atomic states can be grouped into two separate classes:
singlets and triplets. Since the spin-orbit interaction breaks the spin symmetry, intercombination transitions between singlet and triplet states are weakly allowed. In
particular, the 1 S0 –3 P0 line strength has virtually zero value for with even nuclear spin
isotopes ((88÷86) Sr) in the absence of external fields. The doubly forbidden 1 S0 –3 P0
for 87 Sr odd atoms is predicted to have a millihertz linewidth, allowing hundreds of
seconds of lifetime and coherence with the probing laser field. The resulting quality
factor Q = ∆ν/ν ∼ 1018 would result in a perfect candidate for frequency standards.
In spite of this large quality factor, the 1 S0 –3 P0 transition in 87 Sr suffers from residual sensitivity to stay magnetic fields (sensitivity level MHz/T) and optical lattice
polarization (Hz/rad), besides a complex line structure due to the presence of many
magnetic sublevels [10].
It is possible to excite the clock transition on the even Sr isotopes by properly
engineering the atomic level structure to create a finite and controllable 1 S0 –3 P0
transition probability. These methods basically consist of coupling the metastable
3
P0 level to other electronic states by using either multiple near-resonant laser fields
or simply a small static magnetic field [11]. The latter scheme has been experimentally
demonstrated on 174 Yb at NIST[12].
Tush, both strontium isotopic species are appealing candidates for an optical clock
and several schemes are under development.
A simplified scheme of relevant Sr levels and transitions is shown in Fig.2.1.
Another important feature of the Sr system is that both the clock and the cooling
and trapping transition are accessible by diode lasers in the visible region of wave5

Figure 3: Sr clock levels. Red arrows: intecombination transitions, the first used in
the “Red MOT”, the blue arrow is the strong 1 S0 –1 P1 transition used in the “Blue
MOT”
lengths, as shown in the figure above. In particular the 1 S0 –1 P1 and 1 S0 –3 P1 are used
for Dopper cooling of the atoms.
All these reasons make the Sr atom an excellent candidate to be studied for a
future frequency standard.

2.2

Preparing Sr atoms for the optical clock

The experimental setup used to trap and cool strontium atoms has been described in
detail in[13, 6, 14]. The present design of the trapping setup is shown in Fig.2.
Strontium vapors are originating from a Sr dispenser in the oven region. Atoms are
then decelerated in a Zeeman slower, and finally trapped and cooled in the magnetooptical-trap (MOT) chamber. With the current setup it is possible to cool and trap
about 107 88 Sr atoms at µK temperatures in hundreds of ms. The laser sources for
trapping and cooling are all semiconductor based.
For the first cooling and trapping stage on the 1 S0 –1 P1 transition (the so-called
“Blue MOT”) we used two frequency doubled infrared lasers delivering respectively
200 mW at 461 nm (922 nm extended cavity diode laser amplified with a tapered
amplifier and doubled in doubling cavity with PPKTP crystal) and 1 mW at 497 nm
(994 nm ECDL frequency doubled with KNbO3 crystal). For the second stage cooling
on the 1 S0 –3 P1 transition (the so-called “Red MOT”), a frequency stabilized ECDL
at 689 nm is employed. To detect the clock transition with maximum S/N ratio with
shelving technique, it is possible to use additional repumpers at 679 nm and at 707
nm that also could be realized with simple ECDLs (the levels of these transitions are
not shown).
The employment of all semiconductor sources leads to a reliable compactness of
the clock setup: an estimation of power consumption, volume and weight for a possible
compact strontium clock (vacuum, electronics and optics) is respectively of the order
of 140 dm3 , 90 kg, 90 W.
6

3

Frequency stabilized diode laser at 698 nm setup

The second fundamental ingredient for an optical atomic clock is the laser field which
interrogates the clock atomic transition, i.e. the local oscillator. For the Sr atom, the
clock transition is at a wavelength of 698 nm, which is reachable by commercial red
diode lasers.
In order to achieve the required narrow frequency width, the diode laser frequency
has to be actively stabilized. The local oscillator laser frequency we want to stabilize
is eventually limited by the ultimate stability and uncertainty of its passive reference.
By the way, before to be locked to the resonator it starts with an intrinsic linewidth,
δν0 and the active feedback control reduces it roughly by
1
δν0 + δνref ,
(2)
1 + GOL
where GOL is the open loop gain of the feedback control loop and δνref is the
additional noise introduced by the frequency reference, which is a passive optical
resonator. In principle, increasing the bandwidth and the amplitude gain of our
feedback control makes the first term of Eq.2 almost negligible and the final laser
linewidth limited by noises of our resonator.
Several orders of magnitude have to be gained to reach a Hz laser linewidth. In
order to perform this challenging job, a dedicated optical bench has been prepared in
a clean room (class 10’000 ÷ 1’000). A schematic diagram of the optical table setup
in our clean room is presented in the following figure.
δν =

Figure 4: Experimental setup for the stable 698 nm laser, ECDL: extended cavity
diode laser, AOMi : acusto-optic modulators, ISO: 30 dB optical isolator, EOMi :
electro-optic modulators.
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The master laser is a Hitachi HL 6738MG diode laser mounted in a extended
cavity Littrow configuration (grating name: EDMUNDS 1200 l/mm blazed). The
diode operates around 40 ◦ C and delivers about 10 mW of optical power at 82 mA.
The reduction of the laser linewidth is done with two-step Pound-Drever-Hall
(PDH) frequency stabilization technique [15] to optical cavities. The first narrowing of the laser linewidth is performed by taking a pick off (see Fig.4) of the main
beam and sending it to a prestabilization Fabry-Perot resonator. This prestabilization cavity is made of an Invar spacer and high reflective coated mirrors. Its cavity
finesse is of the order of 10000 and the Airy peak is about 150 kHz broad. The cavity
length is tunable because one of the two end mirrors is attached to a piezoelectric
transducer (PZT). The error signal is sent to a custom servo amplifier and then to the
laser. The servo control of laser frequency and the distribution of the correction signal
to the actuation channels (laser current, grating PZT) is the same already done in [9].
The final reduction of the laser linewidth is done by locking the prestabilized laser
to a ultra-high finesse cavity. Our current experimental setup employs two high-finesse
optical resonators on which the diode laser at 698 nm is locked.
Do this aim, the main laser beam is sent to a double-pass acousto-optical modulator (AOM, “AOM2 ” in Fig.4), which works as an insulation stage from optical
feedback and as frequency actuator, and then phase modulated by a high-quality
electro-optical modulator (EOM) in order to generates the needed sidebands for the
PDH lock.
While a first part of the main been is sent directly to the first Super-finesse FabryPerot (SFFP) used as final passive frequency reference, such phase modulated beam
is picked of by a polarizer beam splitter and sent to a second polarizer beam splitter
to generate two new fields. The reflection field is further frequency shifted by a new
AOM (single-pass frequency shift, “AOM3 ” in Fig.4) in order to match the frequency
difference between the two SFFPs and locking them at the same time.
The PDH error signal generated in front of the SFFP2 has been used either as
measurement of the laser frequency noise (when the laser is just locked to the SFFP1),
or fed back to the frequency modulation of the RF generator driving AOM3 .
Finally, the transmitted beam from the polarizer before AOM3 is beaten with the
laser beam frequency shifted by AOM3 and frequency stabilized through it. The final
laser beatnote is detected by a 2 GHz fast detector to analyze it and estimate the
laser linewidth or the frequency stability (by means of a dedicated frequency counter,
as shown in figure).

3.1

The “Super-finesse” Fabry-Perot resonator: design and
noise

As already mentioned at the beginning of this section, the key feature of a frequency
stabilized laser is the passive optical resonator used as frequency reference. Here we
describe the Super-finesse Fabry-Perot cavities use as frequency reference for the local
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oscillator laser. In Fig.5 shows one of the two cavities during the assembling.

Figure 5: A picture of the SFFP cavity mounted on its symmetric support.
An ultra-low expansion (ULE) glass is used as spacer for the SFFP resonator,
10-cm-long in both the longitudinal and in the radial directions. The geometry of
the ULE spacer has been optimized with the help of finite element analysis (FEM)
to reduce the effect of the deformation induced by vibrations coming from the optical table [19]. The spacer has a “mushroom slotted shape” obtained by cutting an
ULE cylinder along its longitudinal z-axis. The positions of the cut along horizontal and vertical directions are respectively x = 46.19 mm and y = -6.08 mm. The
cavity is supported horizontally under vacuum with two aluminum arms connected
by three low-expansion iron shafts. The effective supporting points are four square
areas (about 2 mm2 in size) with Viton square pieces (0.5 mm thickness) between the
aluminum supporting points and the ULE spacer surface. Cavity and its suspension
are maintained under vacuum at 10−8 Torr with a 20 l/s ion pump.
Results of FEM simulations for the canceling-acceleration effect support points
and relative graphs are reported in [20]. Here we say that the expected sensitivities
to both vertical and horizontal accelerations are shown in the following table:
Axes
Sensitivity
Vertical
2 kHz/m s−2
Horizontal 10 kHz/m s−2

19.6 kHz/g
98 kHz/g

Table 1: Expected SFFP cavity sensitivity to vibrations as predicted by FEM simulations
At the ends of the cylinder, high reflective coated fused silica mirrors are optically
contacted to the ULE spacer. SFFP has been designed to reach a 5× 105 finesse value
in the case of minimal losses, ensuring a resonance linewidth of few kilohertz’s.
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SFFP fundamental length fluctuations are due to thermal noise (TN)[16]. Mirrors
and spacer thermal noise is essentially due to the non-zero thermal bath in which
materials are allocated, so that intrinsic dissipative mechanisms are converted in
length (surface) fluctuations of the material - the so-called fluctuation-dissipation
theorem[17]. In our case, cavity TN arises from three independent sources which are
respectively described by their power spectral densities “Gs”[16]:
1. spacer longitudinal thermal fluctuations
Gspacer (f ) =

4πkb T
L
φspacer ;
ω 3πR2 E

(3)

4πkb T 1 − σ 2
√
φsub ;
ω
πEw0

(4)

2. mirror substrate thermal noise
Gmirror (f ) =
3. mirror HR coating thermal noise
Gcoat (f ) =

4πkb T 2(1 − σ)(1 − 2σ) d
φcoat .
ω
πE
w0

(5)

The previous spectra are referred√to length √
fluctuations which can easily converted
into frequency fluctuation because GL /L = Gν /ν.
ULE cavity Hblack,l=7cmL vs. ULESiO2 cavity HredL
1
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Figure 6: Comparison between SFFP expected TN and typical ultrastable reference
cavity in optical clock applications. Note the longer cavity and mirror substrate choice
final result on the red curve.
SFFP is designed to have very low thermal noise: spacer TN has a negligible
contribution even if its loss angle is two order of magnitude higher than mirror substrates’ one. Furthermore, the very low loss angle for the fused silica yield the last
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contribution from the coating as the dominant term of noise. Gcoating depends not
only by its loss angle φcoat , but by the beam width impinging on mirror surface w0 and
the coating thickness d. Adding the contribution from both the two mirrors (mirror
radii of curvature ROC1 = ∞, ROC2 = 50 cm) and taking φcoat = 1/3 ∗ 103 we have
for our cavity an expected TN equal to
p
p
√
δν(f ) = Gν = 0.145/ f [Hz/ Hz].
(6)
The Allan deviation [18] σy (τ ) resulting so far will be about
p
2(ln 2)Gν f
σy =
= 3.67 × 10−16 .
(7)
ν
The previous result will improve the current state-of-the-art for frequency stabilization of a factor two at our wavelength [see also Fig.6].

Another source of noise arising from the cavity reference is the fundamental shot
noise limit on the detection of the error signal from the cavity itself. As detailed
described in [22] for a PDH control technique, this noise is given by
s
√
 2
3
hc
1
f
√
1+
,
(8)
δνshot =
8 FL λPc
fc

where F is the cavity finesse and fc is the cavity pole, defined as the Fourier
frequency corresponding to the full-width-half-maximum of the cavity resonance, thus
it is given by the ratio between the cavity free spectral range ∆νF SR and the cavity
finesse itself.
We can finally use the last result to make a preliminary “frequency reference noise
budget”. The SFFP cavity employed as passive frequency reference provides in our
current environment the frequency noise spectral density given by the black line in
Fig.7.

3.2

Frequency stabilization servo system

In real life, correction signals and servo electronics carry additional noises. These
control noises are in general in different regions of the Fourier spectrum with respect
to the fundamental noises already described, thus allowing the scientist to design an
appropriate control strategy to reduce their impact on the final laser linewidth.
The scheme of loops configuration of our experiment is shown schematically in
Fig.8.
The first step frequency stabilization consist of one loop feedback control system. The servo amplifier which generates the correction signal has a very high low
frequency gain to ensure the highest possible unity-gain-frequency (UGF). Here the
cavity length is freely expanding/stretching and/or remotely tunable by means of a
piezo transducer. Piezo transducer external bias is provided by an external voltage
reference made by a chemical battery series, which as been demonstrated to be a very
low noise voltage source [23].
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SFFP cavity noise budget
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Figure 7: Total SFFP cavity noise budget: the red line is the cavity thermal noise;
the blue line is the shot noise limit; the black line is the quadratic sum of these two
fundamental noises; the green data points are the expected accelerations sensed
√ by
the cavity; the violet line is the electronic noise of the PDH detector (-110 dBV/ Hz).

Figure 8: Schematic diagram of the master laser frequency stabilization servo loops.
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In the case of the second step laser stabilization, the error signal generated by the
PDH detector is sent to two parallel loops: in the first loop (let’s call it slow loop
(SL)) a custom proportional-integral (PI) controller amplifies and filters the signal
with reduced bandwidth (UGF @ 1000 Hz). This correction signal is successively
used as input for the piezo transducer mounted on the prestabilization cavity. In the
second loop (let’s call it fast loop (FL)), we do the same strategy passing through a
Servo Amplifier with enhanced low noise characteristics [24]. The FL correction signal
is fed back on the HP 8640b RF generator which drives AOM2 with a frequency band
between 1 - 50 kHz.
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4

Experimental results of the clock laser at 698
nm

In this section we summarize all the measurements performed on the clock laser setup
and the frequency noise performances we get so far.

4.1

Optical characterization of the SFFP cavity

As shown by Eq.8, lowering the shot noise means increasing the optical gain as much
as possible. Our super-finesse cavity matches this requirement pretty well. Thus, an
important preliminary task is to verify such feature, i.e. fully characterize the optical
properties of our SFFP cavities.
We measured the SFFP cavity finesse and its losses by using two different techniques: looking at the cavity ringdown and measuring the photon lifetime, and sweeping the stabilized laser on the cavity resonance through the AOM3 and counting the
RF generator frequencies at the two half-maximum points of the resonance (see Fig.9).

Figure 9: Finesse measurements of the SFFP cavity by ringdown and direct linewidth
observation.
The resulting finesse of SFFP cavity has been deduced both by measuring the photon cavity lifetime τ =43(2) µs and by directly observing the linewidth ∆νF W HM =3.75(0.15)
kHz of the TEM00 mode of the cavity. Two independent measurements give for both
cavities a finesse value of F= 4.1*105 within 4% of error, corresponding to 7 ppm
total losses for each mirror and a cavity quality factor of 1.2*1011 , which represents
a remarkable result just by itself.

4.2

Environmental noise due to vibrational noises

In order to take advantage of SFFP low TN, the environmental SFFP cavity noises
have to be kept very low. For this reason, the optical table sits on four active
vibration-damping legs.
14

Clean room floor and vibration-insulated optical table vibrations are monitored
by a triaxial accelerometer (Kinemetrics Episensor). In Fig.10 we shows typical linear
spectral densities for the residual motion of the accelerometer placed on the optical
table.
It is also possible to estimate the vibration-damping mechanical transmissivity
by looking at the ratio between the accelerometer channel signals before and after
turning on the system (without clean room air flow system). This rough estimate
is presented in Fig.11, which shows that the damping systems meets its isolation
specifics till 25 Hz [21]. The damping systems there reaches a -50 dB attenuation,
and than perhaps mechanical saturation or loss of coherence between the two signals
occurs.
One we have these measurement and using values in Tab.1, it is easy to convert
those into potential frequency noise entering in the final noise budget presented in
Sec.3.1. The deduced acceleration contribution to δνref (f) is represented by the green
line in Fig.7.
We can conclude that, if FEM predictions are correct, our passive frequency reference will meet the required TN-limited spectral density, except for the region around
1÷3 Hz, where the accelerations are still dominant. This is mainly due to the partially damped legs’ resonance (Qtable ∼ 0.5). Nevertheless, the green line has to be
considered as a best possible case, since it is extrapolated by using simulation results
for SFFP sensitivity and switched-off room air flow.

4.3

Frequency noise reduction and laser linewidth results

The ECDL at 698 nm starts with a linewidth of many tenths of kilohertz and a wide
frequency jittering, so that it becomes almost impossible to lock directly it on the
SFFP resonance. Thus, as already mentioned, we perform a two-step PDH technique
to stabilize our laser.
We measured the final laser linewidth after the prestabilization step, which is
shown in Fig. 12. The result is compatible with the same work demonstrated in [9].
From the figure, the servo bandwidth of the prestabilization step is about 1.2 MHz.
In Fig.12 (b) shows the linear spectral density of the PDH error signal when only the
prestabilization step is on. The total rms noise we can achieve with such a spectrum
is about 1.8 kHz, while the intrinsic cavity FWHM is 150 kHz, i.e. more a factor 50
of gain.
By adjusting with the Servo Amp. and PI controller transfer function parameters,
we optimized the overall control system gain in order to get the lowest possible noise
and the best performances in terms of lock acquisition and stability. We have to
emphasize that it is quite impossible for us locking the laser just using one of the two
control channels. Nevertheless, both loops are competing in the very low frequency
regions and this can result in a extra-noise or control noise. An example of what we
are explaining here can be seen in Fig.13: a good suppression of noise in the 1 kHz
region correspond to a worse noise level in the hertz region.
15

Figure 10: Vertical (upper) and horizontal (lower) linear spectral densities sensed by
the Episensor on the optical table. The peak acceleration for vertical vibrations are
at 30 Hz, while the peak is at 12 Hz for horizontal vibrations.
16
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Figure 11: Estimate of the vibration-insulation active system. The green line represents the magnitude of the transfer function of a damped harmonic oscillator f0 =
1.5 Hz and Q = 0.5.
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Figure 12: Noise rejection characteristics of the pre-stabilization stage. On the left,
the gray line is the laser beatnote with the servo off, while the black line is the beatnote
with the prestabilization turned on. On the right, the linear spectral density of the
calibrated PDH signal is shown.
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Figure 13: An example of loop optimization (in this case the FL). On (b) the theoretical transfer functions of our Servo Amplifier by changing some zero-pole positions.
The result is visible in (a).
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We measured the overall open loop transfer function by adding an external noise
source to the error signal end looking at frequency response of the system for the
laser stabilization system: the resulting UGF is @ 59 kHz with stability parameters
equal respectively to GM = 1.56, PM = 10◦ . This result is plotted in Fig.14.

Figure 14: Measurement of the frequency stabilization global transfer function
In order to better evaluate the actual residual laser frequency noise, we used the
SFFP2 cavity as free frequency reference, sitting in the same optical table but with
90◦ rotated optical axis. Once we exactly know the optical gain of the SFFP2 PDH
signal, we recorded the error signal spectrum and translated it in frequency noise.
This measurement was done several times in order to understand environmental contributions to laser frequency noise, as described in the previuos section. In particular,
we took measurements in three different conditions: without vibration damping, with
damping “on” and finally without clean room airflow system. We performed some of
these measurements with accelerometer measurements too, doing also coherence of
the two signal by means of an HP3526A dynamic signal analyzer. Coherence measurements shows a marked correlation between laser frequency noise and environmental
acceleration sensed by the Episensor.
By matching the two strongest peaks of the accelerometers (see Fig.10) with the
measured frequency noise (without vibration damping), we can extract the acceler19

(a) Coherence (zoom) between SFFP2 PDH (b) Frequency noise vs. converted acceleraerror signal and Episensor signal.
tions noise from episensor signal

Figure 15: Estimate of the SFFP sensitivity to external accelerations. In plot 15(a)
the frequencies with maximum decoupling between the two main dofs are highlighted
by two blue circles. In plot 15(b) these are matched with the measured frequency
noise. The plot shows also the extracted sensitivity values
ation sensitivity values predicted by FEM simulation so far. As shown in Fig. 15,
these values are:
δẍhorz → δν = 240 kHz/g (24 kHz/m·s−2 );
δẍvert → δν = 30 kHz/g (3 kHz/m·s−2 ).
Comparing these sensitivities with those in Tab.1, we can conclude that the FEM
prediction are well respected by the experiment. We also notice the almost perfect
resemblance between the frequency noise curve with the sum of the two Episensor
channel curves around those two peaks.
Finally, we measured the best frequency noise spectrum thanks to the work done
on servo optimization and acceleration/vibrations studies. In particular, we saw a
marked sensitivity on the acoustic noise and sub-acoustic noise. One way to protect
the optics from spurious noisy effects was surrendering all the main parts of our setup
with plastic walls and covers. The best result we get so far is shown in Fig.16, compared with the thermal noise limit. Here are also the low frequency spectra in the
three previously described environment configurations.
In order to estimate the the final fast linewidth of our stabilized diode laser, we
locked independently the two branches of our laser to our SFFP cavities (the second
cavity lock is a one step lock by means of an integrator which feeds back the correction
signal to the AOM3 ). Then we down-converted the 200 MHz beatnote of these two
independently locked laser fields to few kilohertzs and measured the fast linewidth
on the FFT digital analyzer already mentioned. Correcting by a remote computer
(“feed forward correction”) the local drift of the laser central frequency [see Sec.5],
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Figure 16: Frequency noise spectra: on the top the best measured laser frequency
noise is plotted with the expected TN wall. The distance is about a factor 5 @ 6 Hz
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we were able to resolve this fast linewidth up to 1.8 Hz, getting a beat width of 3 Hz.
The resulting plot is shown in Fig.17.

Figure 17: High resolution laser beatnote taken by a digital signal analyzer.
The measurement presented above was very affected by residual frequency jittering
and not optimized drift compensation.
Furthermore, the servo bandwidth of the SFFP2 laser stabilization was not as
efficient as for SFFP1. In the last period we completed the assembling of a twin
Servo Amp with much increased servo bandwidth. So we were able to reach the
detector noise floor in the PDH error signal, which is at the level shown in Fig.7.
This can allow us to try to direct measure the SFFP thermal noise.
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5

Frequency stability and temperature controls

Before to lock the laser oscillator at 698 nm to the strontium atoms, we have to
ensure that the laser frequency stability is enough to allow the feedback from the
atomic reference. Since the laser is stabilized to the SFFP cavity, frequency stability
is suddenly translated in thermal stability of the cavity length.
Our ULE spacer is made by a titania silicate glass with very low linear coefficientof-expansion (CTE). The mean CTE shall be 0 ± 30 ppb/◦ C from 5◦ C to 35◦ C with
a 95% confidence level[25]. This means that we could expect a ∆l/l ∼ 10−8 which is
not enough for our frequency stability requirement. Furthermore, the nominal fused
silica CTE is 500 ppb/◦ C, which means we can expect a higher cavity thermal expansion, as recently highlighted in [26].
The needed active control of the cavity temperature is done by a high resistance
(Alumel) cables which are wound around the aluminum tank with 1 cm space to
ensure a uniform heating of the tank surface. The vacuum chamber has been built
with thick aluminum walls (5 cm) to increase the thermal inertia of the system, so
that the a typical time constant for heat transfer from the vacuum chamber to the
cavity is of order 10 hr. A dedicated electronics sets the tank temperature at 25
◦
C (nominally five degrees above the room temperature). Further insulation from
environmental temperature gradient is done by a two-layer polystyrene-and-plastic
covering all around the tank. Then, all the structure is contained in a 3 cm thick
extruded polystyrene. This setup should allow our heating system to keep a constant
cavity temperature with few tenths of Watts flowing in the Alumel cables.
We set up a DAQ system to continuously monitor the error signals of the cavity
temperatures. In parallel a data logger thermometer also records room temperature
changes. Figure 18 shows the results of the cavity temperature control with respect
the room temperature changes.
The resulting cavity temperature control time constant is about 3 hr. The amplitude of the residual control overshot depends on the room temperature Troom fluctuation. When ∆Troom is about 2–3 ◦ C, the cavity temperature errors are about 50 K,
as shown in Fig.18.
Once we ultimate the SFFP2 setup, we recorded the distance between the TEM00
modes of the two cavities. After the transient time we measured a total ∆ν 1−2 = 103.5
MHz, while the external tank temperature difference was ∆TSF F P 2 = 3.3 K. From
these values we estimated the SFFP overall CTE:
∆ν 1−2
∆TSF F P 2

31.4MHz/K
∼ 7 · 10−8 /K
(9)
ν
430 THz
The so-estimated CTE value is a bit higher than the ULE we presented at the
beginning of this section but it is low enough for our optical atomic clock purposes.
CT E =

=

We measured the achieved long-term frequency stability by looking at the frequency drift on the beat of two independently stabilized laser beams on our SFFPs.
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Figure 18: Cavity temperatures vs. room temperature
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The beatnote frequency was recorded by a HP 53100 frequency counter connected by
GPIB to a PC (see for example one of these measurements in Fig.19).

Frequency offset @HzD

4000
3000
2000
1000
0

-1000
-2000
-3000
0

(a) Zoom on a long sample of continuum
lock

2000

4000
6000
Time @sD

8000

10000

(b) Laser frequency drift fit result

Figure 19: Measurement of frequency stability of the stabilized clock laser. After
three our of lock, the maximum frequency oscillation is less than 4 kHz.
The contemporary lock onto the two cavity reached the maximum time length
of about 3 hr. The collected data were analyzed in order to evaluate the long-term
stability of our laser. We fit this data with the following function:
f counter (t) = f0 + C1 t + C2 sin(t/τ + ψ),

(10)

where the second term takes into account a long-term thermal drift, while the third
is the temperature oscillation due to servo stabilization characteristic time. The resulting oscillation period is T =2πτ =2.9 hr. The maximum drift rate predicted by
such a model is then |C1 | + |C2 |/τ = 1.83 Hz/s. This value of course depends on the
particular ∆Troom .
Reducing the frequency counter time gate, we investigated the short-term frequency stability, looking for other sources of instability and drifts. To this end, we
removed the primary drift which is due to the cavity linear drift and temperature
oscillation (linear and/or quadratic linerat fit) and then we analyzed the residuals,
computing the Allan deviation of our laser. Figure 20 shows the Allan deviation
results for some of these measurements with different counter time gates and measurement time length.
Once one reaches such a precision measurement, it becomes not trivial to keep
the counting process more precise than our laser local oscillator. In particular we
check if the counter and the RF generator were more noisy than our optical beatnote.
The results showed that once one approaches the 1·10−15 limit a common time base
is needed for both the RF generator and the frequency counter with better accuracy
than their relative local oscillator. In order to keep the required stability, a GPS
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Figure 20: Allan deviation results of the stable laser at 698 nm for different time gate
values and drift removing.

Figure 21: Short term stability of the stable laser at 698 nm and statistics on drift
residuals
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referred time base becomes necessary. This local oscillator signal is already available
in our lab and it will be a mandatory instrument for our future measurements.

6

Delivering the laser clock signal canceling optical fiber phase noise

The final aim to improve laser performances is to send a very precise oscillator to the
LENS Strontium experiment laboratory. Unfortunately, single mode optical fiber are
demonstrated to introduce a lot of phase noise, which is translated in frequency noise
and in a final lost of spectral purity of our signal. In order to avoid this problem, we
have also tested fiber noise cancellation schemes. This will be necessary to transfer
the coherence of the clock laser source to the Strontium cold atoms lab placed in a
different building 200 m apart from the clock laser room.
Preliminary tests have been performed with a 25 m long polarization maintaining
fiber. The scheme of the apparatus is similar to the one reported in [27, 28], and it
is schematically shown in Fig.22.

Figure 22: Schematic diagram of the fiber phase noise cancellation setup.
We realize a standard interferometer configuration, where part of the light coming
from the stabilized 698 nm ECDL is sent to the fiber and reflected back (after a
frequency shift), and part of the light used as a reference. The phase noise added by
the fiber can be observed directly at low frequency by mixing the beatnote between
the two beams with a reference oscillator (see an example in Fig.23(a)).
This kind of measurement is quite difficult because the uncertainty on the mixer
output calibration and and the limited resolution at low frequency, where the largest
amount of noise is expected. Although these difficulties, we can observe in Fig.23(a)
how two large spectral bumps clearly appear around 100 and 1000 Hz.
Closing the control loop to compensate this noise resulted impossible by means
of mixer output. Thus to enlarge the capture range of the servo system we choose a
fast digital phase and frequency detector (PFD). The response of this devices is linear
over 4π rad with high rejection to resonant AM noise. The error signal obtained is
27

(a) Beatnote mixed with RF oscillator

(b) PFD fiber noise error signals

Figure 23: Phase noise of the laser transmitted over the 24 m PM fiber. The three
lines indicates repectively the uncompensated noise, the residual phase noise with the
compensation loop active, and the noise floor of the digital phase-frequency detector.
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then used to modulate a voltage controlled oscillator (VCO) that drives the AOM at
around 80 MHz. A dedicated Servo Amplifier, similar to the one we use for the SFFPs,
was emplyed to increase the servo banwidth up to 200 Hz, as shown in Fig.23(b). We
obtain about 40 dB reduction of phase noise at 10 Hz with a loop bandwidth of 1
kHz . The residual phase noise level is sufficiently low for transfer a 1 Hz linewidth
laser without a degradation in linewidth at the far end of the fiber.
An identical setup has being installed in the Strontium lab to test the fiber noise
compensation on the 200m actual length scale. The laser signal has been already sent
to the Strontium lab and the estimated single mode fiber efficiency is about 86%.

7

Future work and perspectives

This report has presented the last result we get at LENS toward the realization of a
Strontium atomic clock in the optical region. The final setup of the laser radiation
that will be used as local oscillator is almost complete.
The performances presented
√
in the previous sections show that we are few Hz/ Hz above the TN limit (and also
for the Allan deviation). Nevertheless both the acoustic insulation and the thermal
stability of the cavity has to be improved.
A second stage heating system is under development (using high power resistances
to heat the box air and the table surface). Using programmable DDS synthesizers
could be a reliable solution to cancel the long-term frequency drift. In [29] a frequency
drift rate of 7 Hz/s was completely compensated by this technique. The necessary
elements are partially missing and/or arriving soon to our lab. In the case of acoustic damping problem, a complete covering of the optical table is on going. Further
experimental work will be dedicated to cure the peaked resonance of the optical table
mechanical transmissivity, which limit the optimal noise curve of our stabilized laser
as shown in Fig.7.

Figure 24: Optical lattice clock setup to allow the 1 S0 –3 P0 clock transition, taken
from [12]
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The main part of the remaining job of this thesis will be devoted to the atomic part
of the experiment. As presented in Appendix A, the optical lattice in which Sr atoms
will be trapped is ready. The next step will be preparing the experimental setup to
interrogate the forbidden transition of the “bosonic” isotope 88 Sr. The interrogation
technique will be the same as in [12] and it is illustrated in Fig.24. This spectroscopic
technique should have some important advantages with respect to the even isotope:
a tunable clock transition linewidth; smaller sensitivity to magnetic fields; a simpler
level structure due to non-degenerate ground state.

A

Infrared laser at 813 nm for trapping strontium
at the magic wavelength

We developed and tested an all-semiconductor 813 nm light source to trap atoms in
an optical lattice. The source is based on an extended cavity AR coated diode laser
delivering up to 40 mW at 813 nm and a tapered amplifier. With typical injected
optical power of 20 mW and a driving current of about 1.6 A it is possible to obtain
600 mW at the output of the tapered amplifier at 813 nm. About half of that power
is then coupled into a polarization maintaining fiber, delivering up to 300 mW to the
atoms in a standing wave configuration. The whole source is mounted on a 50 cm
x 50 cm breadboard. With this optical configuration we could transfer more than
10% of the atoms from the MOT operating on the 1 S0 –3 P1 transition (see Fig.2.1).
We observed a trapping lifetime of 2 s, limited by background collisions (as shown
in Fig.25). This source represents an attractive alternative to more expensive and
more complex Ti:Sa laser systems used so far to trap strontium neutrals at the magic
wavelength[30].

Figure 25: Measurement of the lifetime 88 Sr atoms trapped in the 813 nm 1D lattice.
In the inset the laser setup is presented. ECDL, Extended cavity diode laser, AOM,
acusto-optical isolator, OI optical isolator, TA tapered amplifier.
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