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The paper is a review of the results obtained during the last 5 decades in Romania, and in cooperation with laboratories in France, Switzerland and Germany, in
studies of fields such as quantum optics and quantum engineering, towards the realization of ultra-precise atomic clocks. Current and future scientific interests are also
presented, in an attempt to highlight the expertise that exists at national level in one of
the hottest topics of modern quantum physics.
Key words: optical atomic clocks, hydrogen maser, cesium fountain, Rb standard, quantum engineering, magneto-optical traps, ion traps.
PACS: 03.65.-w, 03.75.Gg, 04.80.-y, 06.20.Jr, 06.30.-k, 32.10.Fn, 32.80.Qk,
37.10.-x, 37.20.+j, 37.30.+i

1. INTRODUCTION

Historically, studies of atoms and molecules have been carried out under conditions where the individual particles moved very rapidly. The short observation time
in any reasonable size apparatus imposes strict limits on the spectral resolution of
resonance microwave and optical lines. Large spread of atoms thermal velocity results in significant Doppler broadening as an outcome of first-order effects. Thus,
reducing the speed of the particles to yield more accurate measurement has always
represented a major concern for scientists. The 20th century has brought spectacular advances in atomic and molecular physics and quantum optics, by implementing
novel experimental techniques aimed towards achieving a better isolation and control of atomic systems [1–3]. Using atomic beams, Stern-Gerlach magnets have been
used to select and preserve atoms in specific quantum states for several milliseconds.
Resonance techniques, such as RF resonance (demonstrated by Rabi in 1938) enable
achieving control of quantum states. Long-lived coherent superpositions of internal
quantum states were studied by Ramsey in 1949, who refined the molecular beam
method for the study of atomic and molecular properties [4]. He invented the sepaRom. Rep. Phys.
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rated oscillatory field method of exciting resonances, which represents the basis for
some of the most precise atomic clocks. Ramsey was also the principal inventor of
the atomic Hydrogen maser [5, 6]. Furthermore, novel techniques such as laser cooling of ions and neutral particles reduce their speeds by many orders of magnitude
and allow physicists to address individual quantum systems [7].
Atomic clocks provide the foundation for a wide range of experiments and precision measurements that not only have produced the most accurately realized determinations of many physical quantities, but that have also produced some of the most
stringent tests of fundamental concepts and basic physical theories [2, 8]. The fundamental laws of physics, as we know them, depend on about 25 parameters such as
Planck’s constant h, the gravitational constant g, the speed of light, the fine structure
constant α, or the mass m and charge e of the electron [9]. A longstanding question in physics is whether the fundamental constants of nature are actually changing
with space and time. Recently, several factors have raised interest in searches for
temporal variation of the fundamental constants. Foremost among these is the development of unified field theories (e.g., the Standard Model) that allow for evolution
in their coupling constants. Astrophysical data suggesting that such changes may
have already occurred on the cosmological timescale have also brought attention to
the search. Finally, rapid progress development of atomic frequency standards has
recently made it possible to perform laboratory searches for present-day variation of
fundamental constants [10, 11]. The availability of highly accurate, reliable, and robust measurement technologies is also very important to research and development,
manufacturing quality control and industry. No dimensioned measurement can be
made more accurately than its corresponding SI (International System of Units) unit
is known. Today, the most accurate measurements that can be made are frequency
mesurements, as the second is the most precisely realised SI unit. In fact, there is a
constant preoccupation in the world scientific community to convert any performed
measurements into frequency measurements [2, 12, 13].
In the present text, we will review some of the physics and design principles of
the hydrogen maser, rubidium, cesium, and trapped ion based frequency standards.
The paper outlines work done at INFLPR in Romania, or within the frame of international scientific cooperations. The advent of lasers had a deep impact on atomic
clocks, as it enabled implementing new experimental techniques such as laser optical
pumping and laser cooling which enabled the realization of such an instrument as
the cesium fountain standard. Precise navigation in the vicinity of the Earth is now a
reality due to the existence of time-based global navigation systems (the Global Positioning System - GPS, GLONASS, Galileo, etc) based on atomic clocks embarked
on satellites, which had a tremendous impact both on military and civilian applications. Atomic clocks aboard spacecraft enable synchronization at the nanosecond
level, thus accurately determining position within an error margin of tens of cm. The
http://www.infim.ro/rrp
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domain of optical frequency measurement has exploded since the advent of broadband frequency combs [14, 15], that have enabled direct coherent calibration of the
frequency of an optical clock with respect to the microwave Cs standard. Standards
operating at optical frequencies using trapping and cooling techniques have expanded
the frontiers of physics by enabling measurements of unprecedented accuracy.
Since the very beginning, experiments with ion traps have enabled performing ultrahigh resolution spectroscopy and metrology measurements of fundamental
quantities such as the electron and positron g-factors, and the fine structure constant α [9–14, 16, 17]. Ion traps are intensively used in studies of quantum optics, in
fundamental tests of quantum physics and general relativity, in ultrahigh resolution
spectroscopy, as well as in Quantum Information Processing (QIP), geodesy, atomic
and nuclear physics. Recent results clearly demonstrate that optical clocks based on
cold atoms or laser cooled ions are sensibly more accurate than actual cesium and
rubidium clocks used in navigation satellites.
Einstein’s theory of general relativity predicts that time slows near a source
of gravitation. As a result, it passes more quickly at the top than at the foot of the
Eiffel Tower. This effect predicted by Einstein (also called gravitational redshift) is
even more clearly perceptible in space, which is why satellite positioning systems
like GPS or Europe’s Galileo have to factor it in to obtain a precise positional fix.
In their 20,000-km orbit, these systems’ atomic clocks gain 40 microseconds every
day with respect to Earth-bound clocks. For example, the Projet d’Horloge Atomique par Refroidissement d’Atomes en Orbite (PHARAO) mission is designed to take
timekeeping to new levels of accuracy. By mid 2018, PHARAO will become the first
cold-atom clock ever to orbit Earth, attached to a porch on the European Columbus
module outside the International Space Station (ISS). Optical cold-atom clocks and
laser cooled ion clocks [18–21] are currently the best performing clocks operating on
Earth. In the microgravity environment of space (the ISS orbits Earth at an altitude
of 400 km), they are expected to be even more stable. For example, PHARAO is
expected to lose just 1 second every 300 million years. Such extreme stability will
enable the effects predicted by the theory of general relativity to be verified more
closely than ever before. PHARAO represents the core component of the European
ACES (Atomic Clock Ensemble in Space) mission.
2. FREQUENCY MEASUREMENTS

It is well established that frequency is the physical quantity that can be measured to the highest precision possible [22, 23]. It is now possible to measure frequencies that are accurate to better than 1 part in 1017 . Furthermore, this achievement
allows nowadays the measurement of other physical quantities with unprecedented
http://www.infim.ro/rrp
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precision, whenever they can be related to a frequency measurement.
3. ACTIVE H MASER

In the 1950s Townes proposed the use of quantum transitions induced in molecules
(by means of a radiation field) to generate continuous microwave radiation. He
built the first maser (microwave amplification by stimulated emission of radiation)
in 1954, using a beam of excited ammonia molecules to transit inside a resonant
cavity [24]. Radiation emitted by some of the molecules excited a cavity mode
and interacted with incoming molecules, producing stimulated emission of the radiation. The ammonia maser was independently realized by Basov and Prokhorov
at the Lebedev Institute of Science in 1954. Townes, Basov, and Prokhorov were
jointly awarded the 1964 Nobel Prize in physics, for fundamental work in the field
of quantum electronics, which has led to the construction of oscillators and amplifiers called masers [6]. That realization also led to the invention of the hydrogen
maser by Ramsey [25, 26]. In its active configuration, the H maser is the most stable
microwave atomic frequency standard. Its concept originated in part from independent fundamental studies made on attempts to increase the travel time of Cs atoms
by means of a storage approach between the arms of the Ramsey cavity. It also relies on fundamental concepts elaborated and results obtained in studies made earlier
on the properties of stored hydrogen, including stimulated emission, coherence, spin
exchange interactions and relaxation in general [27–29].
The techniques and design principles relevant to the construction and operation
of a hydrogen maser are explicitly presented in [30, 31]. These include methods for
the generation of atomic hydrogen, state selection, design of the microwave cavity,
production of very low magnetic fields, coating of the hydrogen storage bulb for
achieving long storage times, and tuning of the maser cavity.
Active masers are typically four times more stable than passive hydrogen masers
and 100 times more stable than high performance cesium standards. Active masers
are used in precision metrology, as they exhibit very low clock noise figures, and the
time interval required to achieve a high frequency stability is four orders of magnitude shorter with respect to the cesium standard.
3.1. ACTIVE H MASER

A conceptual schematic diagram of the classical hydrogen maser is shown in
Fig. 1, with the ground state energy levels of the hydrogen atom as an inset. The
energy levels manifold is created by the magnetic interaction of the unpaired electron with the nucleus consisting of a single proton. This is one of the simplest atomic
structures. The interaction creates two hyperfine energy levels F = 0 and F = 1.
http://www.infim.ro/rrp

submitted to Romanian Reports in Physics

ISSN: 1221-1451

(c) 2017 RRP

Atomic Clocks and time keeping in Romania

5

The energy separation between these levels corresponds to a frequency νhf equal
to 1420.405 MHz. A magnetic field applied to the system removes the residual
degeneracy and causes a splitting of the F = 1 state into three levels identified as
mF = 1, 0, −1. The maser operates on the transition F = 1, mF = 0 to F = 0,
mF = 0. The dependence of the resulting frequency on the magnetic induction is
given by:
ν = νhf + 1399.08 × 107 B02 ,

(1)

where B0 is the magnetic induction expressed in Tesla.
The principle of operation is as follows. Assuming the presence of a microwave
field in the cavity, those atoms that have entered the storage bulb in the F = 1, mF =
0 level emit their energy at 1420.405 MHz through the process of stimulated emission
of radiation. The radiation emitted adds in phase to the existing radiation, a process
that results in amplification. The energy given by the atoms is partly dissipated in the
walls of the cavity and partly delivered to external circuitry via the coupling loop.
Atoms in the F = 1, mF = 0 level are continuously replenished by the input beam
and, if the microwave losses are small and the relaxation time sufficiently long, a
continuous oscillation occurs. This situation results in an active maser. In the other
case where microwave losses are too large, no continuous oscillations are present.
However, it is still possible to observe the stimulated emission phenomenon through
appropriate passive amplification-detection techniques. This is called the passive
maser approach [2, 32].
The solenoid shown in Fig. 1 creates a magnetic field B0 , that provides an
axis of quantization for the atomic ensemble. The clock frequency originates from
∆mF = 0 transitions and quantum mechanical selection rules require that the dc
magnetic field and the microwave magnetic field be parallel. The selector magnet,
storage bulb and cavity are maintained under a vacuum better than 10−7 Torr created
by an Ion Pump. The storage bulb and cavity are placed inside a set of concentric
magnetic shields to reduce the influence of environmental fluctuations of the Earth’s
magnetic field. The output frequency of the device is sensitive to a small extent to the
cavity tuning which is a function of its dimension. For this reason, the temperature
of the ensemble is generally regulated to a high degree.
The output power of the maser is of the order of 10−13 ÷ 10−14 watt at a nominal frequency of 1420. 405 MHz which, in general, is not readily usable. For that
reason, this signal is normally processed by means of a digital system, phase locking
a quartz crystal oscillator at a nominal frequency of 10 MHz to the maser signal. A
typical phase-locked-loop system is shown in Fig. 2.
The signal is detected by means of heterodyning techniques. The so-called reference frequency used in such a detection scheme is generated from a quartz crystal
oscillator multiplied to a frequency, say 1400 MHz, resulting in a beat frequency of
http://www.infim.ro/rrp
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Fig. 1 – Simplified conceptual diagram of a hydrogen maser. The inset shows the ground state energy
levels of hydrogen

20.405 MHz called the intermediate frequency (if). The beat signal obtained may
be heterodyned down to dc in a few stages. In the final stage, the signal containing
information on the relative phase of the crystal oscillator and the maser output signal,
is used to lock in phase the crystal oscillator to the maser signal output as shown in
the block diagram in Fig. 2.
The first Romanian maser started operating in 1974 [33]. In the period 19741989, nine Hydrogen masers were built in Romania for the National Institute of
Metrology (Time keeping), the Astronomical Observatory in Bucharest, and the Faculty of Physics for didactical purposes. Molecular Hydrogen is generally fed from
a high-pressure bottle to a low-pressure RF discharge [34], through a hot palladium
leak [35]. The pressure in the discharge tube is controlled by means of the temperature of the palladium leak that acts as a fast response regulator [36, 37]. In the 3rd
generation of H masers developed in INFLPR (M8 and M9) [38] (see Fig. 3), the
hydrogen was stored in FeTi hydrure. In the hydrogen source, the discharge tube is
placed between the plates of a plane condenser that loads a coaxial resonator [39–41].
As the dissociation rate increases with frequency, the power oscillator that maintains
the discharge operates at a frequency of 400 MHz and a pressure in the source of 0.1
Torr. It is found that over a certain critical power, the maser signal level does not
http://www.infim.ro/rrp
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Fig. 2 – Block diagram of a typical analog phase-lock-loop system used with the hydrogen maser. In
the present case the if frequency has been set at 20 MHz. For simplicity in construction, the second
mixing at 20.405 MHz is generally done by means of several intermediate steps.

depend on the power absorbed by the discharge. A power of about 3.5 W enables
achieving maximum hydrogen dissociation rate [34, 42].
The beam of Hydrogen atoms is formed by means of a collimator (φ = 0.5 mm,
s = 20 mm) see (Fig. 4) attached to the discharge tube and passes through a hexapole
magnet which focuses only atoms in the states F = 1, mF = 1 and F = 0, mF = 0
into a quartz storage bulb. The bulb is located within the centre of a resonant cavity,
tuned to the transition frequency.
The hexapole magnet, shown in Fig. 5, creates an inhomogeneous intense field
that exerts a force which separates atoms into groups according to the direction of the
electron spin. The force on the atoms is given by eq. (2) and selectively focuses on
the symmetry axis atoms with negative magnetic moment, while deflecting outside
the symmetry axis atoms that exhibit a positive magnetic moment [43, 44]
F = ±µef OH ,

(2)

The typical characteristics of the hexapole magnet are: length 70 ÷ 100 mm, external
diameter 50 mm, and a magnetic flux density at the pole tips of around 0.75 T.
Atoms reaching the storage bulb are in an emissive (population invertion) state,
and the existing RF field within the resonant cavity area induces stimulated emission
http://www.infim.ro/rrp
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Fig. 3 – Image of 3rd generation Romanian H maser

[45]. The maser signal (with a power of the order 10−13 W) is extracted from the
cavity by means of a coupling loop then fed into the receiver by means of a coaxial
cable. This signal is used to control the crystal oscillator. The quadratic dependence
of the clock transition frequency on the magnetic field value imposes the reduction
of the ambient field in the storage bulb area to a very low value (10−8 T or lower), in
order to achieve a high frequency stability. We have accomplished such requirement
by using a system of coaxial shields made of a high permeability material, such as
Permalloy.
The complex system responsible for the thermal regulation of the maser cavity (made out of aluminium) consists of five independent magnetic shields (each one
equipped with a NTC thermistor), and five ovens which are realized using coaxial
cable helically wound around the magnetic shield body. A single temperature - voltage convertor is assigned to each thermistor. Every oven is driven by a PID regulator,
in order to achieve high DC gain and good stability, together with a remarkable temperature stability of ±10−5 K/hour in case of aluminium cavities (±10−3 K/hour
for quartz cavities). Within the cavity region, a thin Al box provides additional RF
shielding and thermal insulation. The magnetic screens achieve a shielding factor of
around 35000 and 400000 in the axial and horizontal directions, respectively [12,46].
http://www.infim.ro/rrp
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Fig. 4 – Discharge tube and top view with collimator tube

Fig. 5 – Sketch and photo of the hexapole magnet

In order to measure the magnetic eld bias, a set of four rods were placed inside the Al
cavity [46, 47]. The magnetic eld drift within the cavity region was measured and it
was lower than 2 µT [44]. Independent backup of maser operation is achieved using
24 V batteries and d.c-d.c. converters. The overall consumption rating is about 200
W.
3.2. FREQUENCY STABILITY AND ACCURACY

3.2.1. Frequency shifts
Magnetic field shift. A very important frequency shift is that caused by the
magnetic field required to provide an axis of quantization to the ensemble of atoms.
With adequate magnetic shielding, masers can normally be operated in rather low
http://www.infim.ro/rrp
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fields, less than 10−7 T (1 mG). In such a case, the magnetic field fractional frequency
shift is less than 2 × 10−12 . Since the field can be determined very accurately by
means of excitation of ∆m = ±1 transitions between Zeeman levels, this shift is
generally known to a fractional accuracy of 10−15 . Thus, the magnetic field does not
affect the accuracy of the maser to that level. Its effect may be seen, however, on the
maser frequency stability if it is not constant with time. This is the reason why multi
layers of magnetic shields are required to prevent environmental fluctuations of the
magnetic field to reach the ensemble of atoms in the cavity. On the other hand, the
current source driving the solenoid must have a stability that is compatible with the
frequency stability desired.
The wall shift. The hydrogen atom, upon collision with the Teflon surface experiences a small phase shift. On the average this is reflected on the output frequency
by a small frequency shift. This frequency shift is proportional to the collision rate
and thus, for spherical bulbs, to the inverse of the bulb diameter.


1
∆νW = K 1 + α (Tb − 40)
,
(3)
D
where the coefficient K = 5 · 10−3 Hz·m, α = −1.01 · 10−4 K −1 , while D stands for
the bulb diameter. For a 15 cm diameter bulb coated with Teflon, this shift is negative
and of the order of a few parts in 1011 , a number that depends on the type of Teflon
used and the quality of the coating. Unfortunately, it is difficult to reproduce this shift
from bulb to bulb to better than 10 %, which gives the maser a frequency accuracy of
about 1 to 2 × 10−12 [48].
The spin exchange shift and the cavity pulling.
Maser operation analysis [2] shows that the two frequency shifts proportional
to the total line width are present. The cavity pulling is given by
∆ωcp =

QcL
∆ωc ,
Qat

(4)

where QcL is the cavity quality factor, Qat is the atomic line quality factor, and ωc is
the cavity frequency. A simple technique for tuning the cavity consists in varying the
beam flux which causes a change of the density within the bulb volume. By tuning
the resonator so that the maser frequency becomes independent of the beam flux, the
cavity detuning is such as to cause a shift that is opposite and exactly equal to the
spin exchange shift given by:
v̄r ~λγ2
,
(5)
4QL η 0 µ2B µ0
where v̄r is the relative velocity of the atoms, ~ stands for the reduced Planck constant, λ represents the spin exchange frequency shift cross section, γ2 is the total
∆ωse = −
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line width, QL denotes the cavity loaded quality factor, η 0 corresponds to a filling
factor, µB = 9.274 · 10−24 J·T−1 is the Bohr-Procopiu magneton, and µ0 = 4π · 10−7
H·m−1 represents the permeability of free space. This shift is of the order of few parts
in 10−11 . In practice, it is possible to tune the cavity such as to achieve a residual
uncertainty less than 10−14 .
Second-Order Doppler shift
The first order Doppler effect is absent due to trapping of atoms in the storage
bulb, which limits their motion to a region of constant phase. The second order
Doppler shift is given by
3 kB T
∆ωD = −
ωhf ,
(6)
2 M c2
where kB stands for the Boltzmann constant, and T is the temperature of the atoms
of mass M . For H atoms at 40 °Cthis shift is around −4.31 × 10−11 , and with a
temperature determination of the storage cell better than 0.1 K the uncertainty in the
frequency is less than 2 × 10−14 .
Magnetic field inhomogeneity.
Finally, the maser frequency may be affected by other small frequency shifts
connected to inhomogeneities in the applied magnetic field. These shifts depend on
the construction geometry of the maser and are generally quite small in well-built
H-masers. They do not affect the frequency stability of the maser to a significant
extent [49].
3.2.2. Frequency Stability
In well-designed active H-masers, the frequency stability for averaging times
in the range 10 s < τ < 1000 s is mostly limited by internal white frequency noise.
The frequency stability expressed in terms of the Allan variance is given by [49]

kB Tc 1/2 1
,
(7)
2P0
Ql τ 1/2
where Tc is the temperature of the cavity, P0 is the maser power output delivered to
the receiver, Ql represents the maser atomic line quality factor, and τ stands for the
averaging time interval. The most stable active masers achieve a frequency stability
of 2.2 × 10−14 for 30 s < τ < 6000 s in a 6 Hz bandwidth, in agreement with eq.
(7) [50, 51].
In the short term region, say for averaging times below 10 seconds, the frequency stability of the active maser is limited by additive noise originating from the
cavity and from the first stage of mixing and detection of the maser signal:


F kB Tc ωR Qext 1/2 1
∼
,
(8)
σy (τ ) =
τ
2Pb ω02 QcL
σy (τ ) ∼
=

http://www.infim.ro/rrp
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where F is the noise figure of the receiver, ωR is its bandwidth, Qext stands for
the cavity external quality factor, QcL is the cavity loaded quality factor, and Pb is
the power delivered by the hydrogen beam in the cavity. The frequency stability is
generally of the order of a few parts in 10−13 for τ = 1 s.
In the case of a passive maser, the short term frequency stability is a function
of the type of system used to lock the frequency of the external generator to the
maximum of emission. Considering the signal to noise ratio available in an actual
device, the frequency stability is of the order of 1 × 10−12 τ −1/2 in the same range of
averaging time intervals as in the case of the active maser.
3.3. EFFECT OF CAVITY TEMPERATURE FLUCTUATIONS ON THE MASER FREQUENCY
STABILITY

According to eq. (4), if the maser resonant cavity is detuned, then the maser
frequency is pulled [26,50]. The cavity frequency is determined by the temperature of
the cavity. We use eq. (4), and introduce the maser frequency temperature coefficient
defined as [46]
1 ∂νM
QC
=
αC ,
(9)
νM ∂T
QA
where αC is the temperature coefficient of the resonant cavity. In case of an aluminium cavity αC = −2 · 10−5 K−1 . Thus, we obtain αM = −6 · 10−10 K−1 . The
long term stability of the maser frequency is a function of the temperature fluctuations of the resonant cavity
αM =

δνM
= |αM |δT ' 10−10 δT .
νM

(10)

In order to achieve a long term frequency stability of 10−14 , the cavity temperature fluctuations must not exceed δT = 1.7 · 10−5 K. These fluctuations have little
effect on the short and medium term stability of the maser, due to the high value
of the thermal time constant (larger than 10 hours) associated to the resonant cavity. The thermal drift of the maser cavity is limited to 10−3 ÷ 10−5 K, owing to
ultrastable temperature control systems. In case of the 3rd generation of Romanian
active H masers (M8 and M9), the temperature control system consists of five thermostats connected in cascade [44]. The heating element is made of coaxial cable,
shortcircuited at one end and supplied with a d.c. current at the other end, helically
wounded on the body of the thermostat. Custom selected NTC thermistors are used
as temperature sensors. The thermistors are in good thermal contact with both the
heating element and the body to be heated (resonant cavity, thermal shield, vacuum
bell jar, etc.). The heating current supplied into the coaxial cables generates a parasitic magnetic field in the thermostats region, which causes a degradation of the
http://www.infim.ro/rrp
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maser frequency stability reported in [52].
3.4. PARASITIC MAGNETIC FIELD AND ITS EFFECT ON THE MASER FREQUENCY
STABILITY

The magnetic fields generated by the two equal currents which pass through
the outer and inner conductors of the heating cable, mutually cancel out if the cable
is perfectly coaxial. Even in such favorable situation, during the maser operation a
displacement of the inner conductor may appear (which we denote by e), as an outcome of the temperature gradient between it and the coaxial cable shield. This effect
was analyzed in [46]. The subsequent frequency shifts are estimated by measuring
the parasitic magnetic field produced by a well known current, using a magnetometer. The solution to that problem consists in supplying a.c. current into the heating
cables. For a.c. frequencies higher than 1 kHz, the metallic body of the ovens acts as
a very efficient electromagnetic shield [52].
Our expertise in the maser physics was also used under Plan Marshall - SKYWINTELECOM to build a H maser at IPNAS University of Liege, Belgium [53].
4. CAESIUM ATOMIC FOUNTAIN FREQUENCY STANDARD

To improve the accuracy and the frequency stability of atomic standards it is
mandatory to reduce or possibly cancel the Doppler effect which broadens the clock
resonance line, reduces its quality factor (1st order Doppler) and causes a frequency
shift (2nd order Doppler). An improvement in the line quality factor has a direct effect on the frequency stability and accuracy. A reduction of the second order Doppler
shift improves the frequency accuracy in most cases. Major efforts have been made
towards implementing methods for increasing the line quality factor, either by means
of a buffer gas, storage in a container with proper coating to inhibit relaxation, or use
of the Ramsey separate interaction zones approach in the time or space domain, as
all these techniques reduce the line width of the observed atomic resonance line.
Soon after the development of lasers it was proposed to use them to directly
manipulate the motion of atoms in a very effective way [54–56]. The atom-light
interaction would then act directly on the Doppler effect if it could be used to reduce
the thermal agitation of atoms. Using multiple laser beams oriented in orthogonal
directions, we can reduce the atoms average speed and the width of the velocity
spectrum, implicitly lowering the temperature of the ensemble. The process has been
given the name laser cooling.
The main idea is to laser cool to a very low temperature (∼ microkelvins) an
ensemble of atoms in a so-called optical molasses. The ensemble of atoms cooled
in such a molasses forms a small ball (∼ cm in diameter) that can be sent upwards
http://www.infim.ro/rrp
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by appropriate adjustment of the frequency of the cooling laser beams. The atoms
within the ball have a very small velocity (∼ 1 cm/s), and do not diffuse much in
space during their travel upward and downward. The ball expands of course but only
to a few cm, and the density at detection is still large. The launch speed is set at the
level of ∼ m/s. The launch speed is set at the level of ∼ m/s, the ball is decelerated
by gravity and reaches a height of the order of one metre or so, and falls back under
gravity. If a microwave cavity is placed on the path of the ball the atoms pass twice
through that cavity, once on their way up and once again on their way down. If the
cavity is fed with microwave at the hyperfine frequency, atoms therefore experience
two coherent microwave pulses. The time interval between the two pulses can be
on the order of 1 second, that is to say about two orders of magnitude longer than
with usual thermal beam atomic frequency standards. The ball cooling and launching
can be repeated at a rate comparable with the time of travel up and down of the ball
and, with appropriate averaging, a totally integrated frequency standard similar to
that using a thermal beam can be implemented. The system is known as an atomic
fountain.
The first atomic fountains have been realized with sodium atoms at Stanford
University, USA [57], and with caesium atoms in Paris within a collaboration between Laboratoire Primaire du Temps et des Fréquences (LPTF) and Laboratoire
Kastler-Brossel (LKB) [58]. The first Cs fountain capable of acting as a primary
standard, Cs-FO1, was constructed in 1995 at LPTF [59].
Research in this direction started in INFLPR in the early 1995s. The first goal
was to develop a magneto-optical trap (MOT) for Cs atoms, as a preliminary step
towards building an atomic clock based on the Cs fountain [60–63]. Stabilization of
the laser diodes used for spectroscopy and minimization of the associated linewidths
was achieved using lock-in negative feedback loops and Littrow extended cavity configuration, respectively [64]. The atomic frequency references are obtained using
saturated absorption spectroscopy. The amplification of the laser cooling power was
realized by means of injection locking, a master-slave optical method. A schematic
diagram of a caesium fountain clock is shown in Fig. 6.
Zone A: formation and launching of a small cloud of cold atoms looking like
a small ball of a few mm in diameter. This zone is the region where an ensemble of
atoms that exist as a vapor is exposed to laser radiation coming from six orthogonal
directions. They are cooled as a molasses and in some designs are trapped in a MOT.
They are also launched upward at slow velocity by means of a small detuning of the
cooling lasers.
Zone B: preparation of the atoms. Within this zone, the atoms are prepared in
a pure state while they travel upward in the vertical direction. The region consists of
a cavity exposing the atoms in the cloud to a microwave radiation field that forces
transitions at the hyperfine frequency, acting as a state selector. It may also contain a
http://www.infim.ro/rrp

submitted to Romanian Reports in Physics

ISSN: 1221-1451

(c) 2017 RRP

Atomic Clocks and time keeping in Romania

15

Fig. 6 – Schematic diagram of the Cs fountain atomic clock

laser radiation beam called a pusher, completing the state selection.
Zone C: interrogation of the atoms. This is the region containing the microwave
interrogation cavity for exciting the clock transition. The resonant cavity (mode
TE011 ) is made of copper (OFHC). The loaded quality factor Q value is of the order
of 10000.
Zone D: free motion zone. The atomic cloud is moving up freely while exposed
to the Earth’s gravitational field. The atoms reach a height h and fall back traversing
the interrogating cavity again, thus simulating the function of the double arm Ramsey
cavity in the classical approach.
Zone E: detection zone. This is the region where the atoms are detected by
means of the fluorescence created by a probe laser beam and analyzed in order to
determine their state. In some designs this region may be situated above the cooling
region. The space surrounding the cavity and the region of free travel of the atoms
is shielded from environmental magnetic field fluctuations by means of several layers of magnetic shields (cylinders and caps, four or five layers). With an internal
solenoid and some compensation coils, the vertical magnetic induction is around
10−7 T, homogeneous to better than a few percent over the entire volume of the area
of microwave interaction.
http://www.infim.ro/rrp
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A series of excellent reviews have been written on the subject [65–67].
4.1. FREQUENCY STABILITY OF THE CS FOUNTAIN

Characterization of the fountain is often done from a measurement of the signal
to noise ratio (S/N) of the fringe observed. An empirical expression can be written
for the frequency stability in terms of the signal to noise (S/N) ratio as obtained in
the measurements:
 −1 r
2 1
S
Tc
σy (τ ) =
.
(11)
π Qat N
τ
The effect of the reference oscillator noise, unfortunately, is difficult to control. Improvements can only be achieved by using very high quality synthesizers
and quartz oscillators for generating the interrogating signal. Even then, marginal
results are obtained. However, using a cryogenic sapphire oscillator (CSO) with low
phase noise, as developed at the University of Western Australia [68], provides a
solution to the problem although adding complexity to the approach. A fractional
frequency instability of 1.6 × 10−14 τ −1/2 was realized at SYRTE, France, using this
approach combined with a specially designed synthesizer characterized by low phase
noise [69]. The stability was limited by the quantum projection noise [70].
The pulse operation of the fountain also limits its frequency stability. It is called
the Dick effect. A strategy for reducing that effect is to accelerate the loading and
preparation of the cold atomic cloud making possible the reduction of the fraction
of the fountain time cycle where no atoms are in or above the microwave cavity.
Loading times of the MOT (or molasses) can be greatly shortened when the atoms
are collected from a slow atomic beam. For the same loading time, a molasses loaded
from a slow beam captures more than ten times as many atoms as a molasses loaded
from the background vapor. Low speed atoms can be fed into the molasses region by
means of a chirp-slowed atomic beam [71], or by means of a 2D MOT [72].
4.2. RUBIDIUM AND DUAL SPECIES FOUNTAIN CLOCK

When implementing frequency standards, it is important to compare the behaviour of different atomic species under the same conditions or to use one as a
reference for the other, in order to identify possible fundamental biases or simply to
verify the advantages of one species relative to the other. For example, comparison
of H used in a maser and Cs used in a beam device showed the superiority of Cs
regarding accuracy, while H in a maser was better in terms of frequency stability. In
the case of the fountain, Rb is a natural other candidate because the atomic physics
regarding this atom is very similar to that of caesium, and because laser cooling and
manipulation of Rb atoms are just as convenient as with caesium. Furhtermore, in
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practice the set-up and the operation of a rubidium fountain clock are basically the
same as those of a caesium fountain clock [73].
One of the most obvious things to do is a determination of a Rb fountain output frequency with respect to that of a Cs fountain, and of the relative frequency
stability of the two devices. Those measurements would firstly establish the quality of each standard as an actual time standard, as well as their relative quality as
a primary standard. Furthermore, various experiments could be done to determine
some fundamental properties of the ratio of their hyperfine frequencies with time,
thus addressing the question of the stability of fundamental constants.
A fountain was realized at SYRTE, Paris, incorporating all the components required to operate both a Cs and a Rb fountain in the same unit. It can operate either
alternatively with 133 Cs and 87 Rb, or with both atoms simultaneously. The environment, magnetic field and temperature conditions being the same, a comparison of the
two standards is relatively easy to address and the results have high credibility. By
performing comparisons between hyperfine energies of atoms with different atomic
numbers Z, such as Cs and Rb respectively, one can search for possible time and
2
space variations
the fine
 of133
 structure constant α = e /~c [74]. Measurements of the
87
ratio ν Rb /ν
Cs spread over an interval of 72 months indicate no change at
a level of 2 × 10−15 /year, placing a new upper limit for 1/α (dα/dt) [69, 75, 76].
The precise and repeated measurements of the clock frequencies νCs /νRb have
led to the adoption of the hyperfine frequency νRb = 6834682610.904312 Hz for
87 Rb in term of the SI definition of the second, and as a secondary representation of
the second with a relative uncertainty of around 1.3 × 10−15 (Bureau international
des poids et mesures, Comité international des poids et mesures-2012, 101e Session
du CIPM- Annexe 8, page 203) [77].
4.3. AN ALTERNATIVE COLD CAESIUM FREQUENCY STANDARD: THE CONTINUOUS
FOUNTAIN

In order to avoid some of the disadvantages of the pulsed Cs or Rb fountains,
a similar device operating in a continuous mode was developed at the Observatoire
Cantonal in Neuchâtel/Switzerland [78–81]. Such a continuous fountain requires a
rather different approach than the one used in the pulsed technique described above.
In particular, in order to avoid light shifts, it requires careful isolation of the microwave interaction zone from the cooling and detecting radiation zones, which operate in a continuous mode. This type of fountain offers two main advantages:
• the density of the caesium atoms in the beam is substantially lower than that required in the cloud of atoms of a pulsed fountain. This means that the frequency
displacement by collisions between cold atoms could be made much smaller
than in the pulsed fountain. This effect should no longer limit the accuracy of
http://www.infim.ro/rrp
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the standard.
• the interrogation of the atoms occurs in a continuous manner as in a thermal
jet. In this way the degradation of the stability of a pulsed interrogation should
disappear or at least be negligible relative to other shifts. Consequently, the
requirements relative to the phase noise of the local oscillator should be less
severe. A quartz oscillator could then be used as a conventional local oscillator
rather than the cryogenic sapphire oscillator.
5. RUBIDIUM FREQUENCY STANDARD

The Rb standard is the third so-called classical atomic frequency standard that
was subject to extensive industrial and laboratory research and development. Its interest lies mainly in its small size, coupled with good medium term frequency stability.
The standard operates between the field independent energy levels F = 2, mF = 0,
and F = 1, mF = 0 of the ground state of 87 Rb and the frequency of the transition
is 6.8346128 GHz, making possible the use of a relatively small cavity to provide
the exciting microwave field. This approach is generally called the double resonance
technique. Optical pumping is used to obtain an imbalance in the population of the
two levels within the hyperfine ground state, rather than magnetic state selection as
for the previous two frequency standards (Cs beam and H maser) described above.
This is done in a closed cell containing the 87 Rb vapors and a chemically inert gas,
placed inside the cavity resonating at 6.8 GHz. This gas acts as a buffer that reduces
considerably the motion of the atoms through collisions, without affecting much the
internal state of the atoms, or in other words without causing much relaxation. The
reduction of the motion prevents the atoms from colliding with the walls of the containing cell during the interaction with the microwave field, collisions that would
cause relaxation. In some cavity configurations, it also prevents the atom from experiencing a change in the exciting rf magnetic field inside the cavity.
It may be mentioned that the implementation of such Rb standards requires
important background theoretical studies. Work relative to laser optical pumping,
linewidth reduction, laser frequency stabilization using an atomic resonance line, as
well as the use of the coherent population trapping (CPT) phenomenon for implementing a new type of clock, was done in collaboration [82].
6. OPTICAL LATTICE CLOCK

The idea of using a large number of neutral atoms in a trapping environment
became possible due to the advent of laser cooling and trapping. In particular, the use
of a trap implemented by means of optical standing waves appeared to offer a very
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privileged situation. A relatively large number of atoms can be stored individually or
in small numbers in micro-traps for long periods of time, with little interaction between them. Those atoms are in a low energy state in a shallow well, thus essentially
at rest and obeying the Lamb-Dicke criteria for canceling the Doppler effect. Such a
trap is called an optical lattice whose cells dimension is half the wavelength of the
radiation used to create the standing wave. The trapping phenomenon is created by
an interaction between the atoms and the radiation field, with little perturbation on
the energy levels of the atom aside a so-called light shift that can be canceled by a
proper choice of the lattice wavelength, called the magic wavelength. A number of
104 to 105 atoms may be confined to a few thousand traps, in a very small space.
A typical optical lattice frequency standard essentially consists of a source
of atoms, a magneto-optical-trap (MOT) for cooling and trapping an ensemble of
atoms of the type chosen in the region of the optical lattice, and a laser generally of
the Ti:sapphire type for creating the optical lattice. Frequency stabilized lasers are
used to perform the cooling and interrogation of the atomic ensemble at the clock
transition frequency. We will brifly describe the Hg optical clock used at SYRTE,
Paris [83–89].
Mercury has two fermionic and five bosonic isotopes. Their natural abundance
lies in the 10 % to 30 %, except for 196 Hg whose natural abundance is an order of
magnitude smaller. Both fermions (199 Hg, 201 Hg) exhibit a weakly allowed intercombination line (1 S0 -3 P0 ), with a ∼ 100 mHz natural line-width at 265 nm and an
accessible magic wavelength at which the trapping dipole field does not perturb the
clock transition [90, 91]. At room temperature, mercury has a vapor pressure of 0.3
Pa and no oven is needed to produce the vapor pressure required for creating a MOT
of sufficient density. In fact, a vapor pressure well suited for a magneto-optical trap is
obtained near -40 °C, a temperature which is easily reached in vacuum using Peltier
thermoelectric devices.
Neutral mercury has a cooling transition |1 S0 i −→ |3 P1 i better adapted to
single-stage laser cooling at a wavelength of 253.7 nm. Furthermore, the clock transition sensitivity to room-temperature black-body radiation is more than ten times
lower than that of Sr, which was also selected for implementing such a standard. For
these reasons, mercury appears to offer great advantages over other proposed atoms
in implementing such an optical frequency standard.
Vacuum chambers. Laser-cooling and trapping of mercury is done in two steps:
• a first section of the system acts as a source of mercury vapor
• a second section acts as the main chamber where the atoms are laser cooled and
trapped in a 3D MOT to decrease temperature and increase density. They are
ultimately transferred to the optical lattice trap and then probed for detection of
the clock transition
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Magneto-optical trapping of Hg. A typical MOT only captures atoms from the
tail end of the room temperature atomic velocity distribution. In order to have as
many trapped atoms as possible and achieve a long MOT lifetime, a 2D-MOT is used
for pre-selecting slower atoms.
Clock interrogation laser. The clock laser is a quadrupled Yb doped fibre laser
at 1062 nm. In order to obtain an interrogation radiation with a frequency stability
sufficient to observe the clock transition with a one Hertz resolution, the fiber laser
is locked to an ultra-stable cavity.
Implementation of the dipole lattice at the magic wavelength. Feasibility of
the optical lattice clock scheme relies on the existence of a so called trapping magic
wavelength for which the two states 1 S0 and 3 P0 are equally shifted. For mercury,
such a magic wavelength exists between two strongly allowed transitions: 63 P0 to
73 S+1 at 405 nm, and 63 P0 to 63 D1 at 297 nm [92]. A recent calculation supplies
the value of the magic wavelength as 363 nm [93]. The radiation is generated by
means of a continuous wave (CW) titanium sapphire laser delivering about 900 mW
at 724 nm.
Currently, a clock based on this atom and described previously in general terms
is under investigation at SYRTE (Paris) [94]. The determined magic was found
to be 826.8546 ± 0.0024 THz (λM = 362.5697 ± 0.0011 nm). The clock transition frequency was measured as 1 128 575 290 808 162.0 ± 6.4 (sys.) ± 0.3 Hz
with a fractional uncertainty of 5.7 × 10−15 ). A fractional frequency stability of
5.4 × 10−15 τ −1/2 has been reported in its early development and it is claimed that its
accuracy should be within the 10−17 range [95].
7. ION TRAPS

Quantum engineering has enabled scientists to manipulate and accurately control single particles such as atoms, ions, photons and electrons [96]. The fundamental implications span areas such as space, quantum metrology, fundamental tests
of quantum physics and general relativity, ultrahigh resolution spectroscopy, optical
clocks, quantum information processing (QIP), and quantum metrology [7]. Confinement of ions by means of a trap leads to unique characteristics: extremely narrow
atomic lines under weak perturbation by neighbouring particles (the ions are isolated in a high-vacuum environment), as a consequence of the accurate control of the
quantum states. The ion-trapping techniques can probe transitions with spontaneous
decay rates less than 1 s−1 , using single ions confined by electric and magnetic fields.
Trapping and cooling techniques for electrically charged particles have expanded the
frontiers of physics, yielding to measurements of unprecedented accuracy. Since the
very beginning, experiments with ion traps have enabled performing ultrahigh resohttp://www.infim.ro/rrp
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lution spectroscopy in Paul traps [97], and metrology measurements of fundamental
quantities such as the electron and positron g gyromagnetic factors and the fine structure constant α, by using Penning traps [16, 98, 99]. Ion traps are intensively used
in mass spectrometry, plasma physics and especially studies of non-neutral ultracold
plasmas [100], modelling of astrophysical plasmas, atomic and nuclear physics, ultrahigh resolution spectroscopy, studies of integrability and quantum chaos, geodesy,
etc [2, 13]. Since its early days the Paul trap [97, 101] has proven to be a versatile
device that uses path stability as a means of separating ions according to their specific
charge ratio.
Since it is impossible to confine a charged particle in three dimensional space
using static electric fields, an electric field oscillating at radio-frequency (RF) is applied instead, which creates a saddle shaped potential which oscillates at the RF
frequency. This potential harmonically confines ions in the region where the field
exhibits a minimum, under conditions of dynamical stability. This is the mechanism
upon which the electrodynamic (Paul) trap is based. Classical ion dynamics is characterized by Hill (Mathieu) equations [16]. In the combined electric and magnetic
fields in the Penning trap, charged particles describe a complex motion [99].
Ion trap research in Romania begins in 1974 [102]. The first step was accomplished in 1991, when trapping of Ba+ ions is reported by the group at INFLPR
using a classical hyperbolic Paul trap geometry, with the trap semiaxes dimensions
r0 = 1.75 cm, z0 = 1.24 cm. The ring electrode exhibits two holes, of 6 mm (input
radiation) and 8 mm diameter (output radiation). Photos of the trap are presented in
Fig. 7.
The Ba ions are generated using two platinum belts, covered with BaCl2 . A
current of 2-3 A passes through the belts, which leads to the thermal emission of Ba
ions. Optical pumping was performed by means of a hollow cathode lamp, operated
in the glow discharge regime [103]. Several methods for ion diagnosis were used,
such as ion loss, image currents [104], or by means of an optical bridge [105].
The problem of resonant motion induced by the dipole component of the antisymmetric potential function in a RF Paul trap was investigated [106]. It was shown
that for low amplitude additional RF-voltage, the line-shape and the increasing rate
of its amplitude for the ion-excitation phenomenon can be derived from the dipole
approximation of the antisymmetric term in the potential energy.
Quantum dynamics in a 3D Paul (RF) ion trap characterized by a uniform magnetic field and a time-dependent quadrupole electric potential, can be reduced to the
solution of the time-dependent quantum oscillator equations obtained by separating
the axial and radial motion from the Schrödinger equation [16, 107]. Ion dynamics
in a radiofrequency (RF) octupole trap is characterized in [108–111], demonstrating
confinement of ions in a RF anharmonic electric potential and characterizing the stability of this nonlinear parametric oscillator. Quantum models for a single trapped
http://www.infim.ro/rrp
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Fig. 7 – The Paul trap used in the experiments performed at INFLPR. (a) Upper flange and hyperbolic
Paul trap setup with Ba ion source, (b) Ba ion source with two Pt belts, (c) Sieve electrode: 265 holes
of 2.4 mm diameter spaced at 0.6 mm with 56 % transparency in the 2,5-25 m range, (d) Slit electrode:
two slits 16 × 3 mm.

ion are extended to the description of the collective dynamics for ions confined in
quadrupole 3D electromagnetic traps with cylindrical symmetry [112]. Quasiclassical dynamics of trapped ions results by applying the time dependent variational
principle (TDVP) on coherent state orbits, in case of quadrupole [16, 107, 113] and
octupole combined (Paul and Penning) and radiofrequency (RF) traps [114, 115].
A dequantization algorithm is proposed by which the classical Hamilton (energy)
function associated to the system results as the expectation value of the quantum
Hamiltonian on squeezed coherent states [116].
An ion confined within a Paul trap can be assimilated to a good approximation
with a quantum harmonic oscillator. A method which enables the construction of an
invariant operator based on the Lewis and Riesenfeld approach was applied to the
case of an ion confined in a Paul trap [117]. The eigenvectors of the system were
found using the Fock state basis. The quantum Hamiltonian for a boson confined in
http://www.infim.ro/rrp
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a nonlinear ion trap was studied [118]. The equation of motion for the boson results
using the TDVP and the Hamilton equations of motion, and it is equivalent to the
case of the perturbed classical oscillator. Ion dynamics in a nonlinear trap [119] is
well described by the Duffing oscillator model with an additional nonlinear damping
term [120,121]. Regions of stable (chaos) and unstable dynamics were illustrated, as
well as the occurrence of strange attractors and fractal properties for the associated
dynamics.
7.1. NANOPARTICLES

It is worth mentioning that parallel to the work on trapping of ions, related work
was accomplished in the field of nanoparticles trapping, as this particular field uses
similar technology and appears very interesting with applications that span various
subfields. A short description of the results obtained is given below.
The appearance of stable and ordered patterns for different charged microparticles confined in various Paul trap geometries, operated under ultrahigh vacuum
conditions [122] or under Standard Ambient Temperature and Pressure Conditions
(SATP), at tens to hundreds of Hz, was reported [123–127].
The Quadrupole Ion Trap Mass Spectrometry (QIT-MS) is a promising technique to perform mass analysis of micron-sized particles such as biological cells,
aerosols and synthetic polymers. The trap can be operated in the mass-selective axial
instability mode by scanning the frequency of the applied a.c. field. A specific charge
m/z can be isolated in the ion (particle) trap by ejecting all other m/z particles (ions)
by applying various resonant frequencies [128, 129].
Strongly coupled Coulomb systems of finite dimensions have been investigated, such as electrically charged microparticles confined in electrodynamic traps
[124, 125, 130, 131]. Microparticle trapping in multipole linear Paul trap geometries, operating under Standard Ambient Temperature and Pressure (SATP) conditions, was also achieved. Different 8-electrode, 12-electrode [132] and 16-electrode
linear trap geometries [133] have been designed and tested, with an aim to achieve
trapping for larger number of particles and to study microparticle dynamical stability in electrodynamic fields. Emergence of planar and volume ordered structures of
microparticles was reported, depending on the a.c. trapping frequency and particle
specific charge ratio, as shown in Fig. 8. The electric potential within the trap was
mapped using the electrolytic tank method. Particle dynamics was simulated using
a stochastic Langevin equation. Extended regions of stable trapping with respect to
quadrupole traps occur, as well as good agreement between experiment and numerical simulations, which confirms that multipole traps represent promising candidates
for the realization of ultraprecise optical clocks based on laser cooled and trapped
ions.
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Fig. 8 – Photos of the ordered structures observed in a 12-electrode Paul trap

8. CONCLUSIONS

Time has always played a crucial role either in explorations or quest for knowledge. Without a precise measurement of time, activities as basic research, Earth
navigation and space exploration would hardly be feasible at the level of precision
known at this time. The technology based on precision timing has invaded our way
of life, and even our daily activities require precise time/frequency standards: cell
phones, transportation and telecommunication systems, which all operate based on
precision time transfer. The second is the base unit of time in the SI system, as it is
also used to define other SI units such as length through the speed of light. Time is
thus now at the heart of precise length measurements in industry and time may play a
unique role as being the single unit required in determining all basic units necessary
to implement a complete measurement system.
In our world, time is a resource that we cannot control, but most amazingly it
is the quantity that we measure with the highest precision and it appears that we will
continue to be interested in doing it better.
Time and frequency measurement have been of Romanian interest over the
years. Romanian researchers are part to the international scientific effort towards
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developing and implementing novel quantum technologies, as the results presented
within this paper demonstrate.
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20. Ali Al-Masoudi, Sören Dörscher, Sebastian Häfner, Uwe Sterr, and Christian Lisdat. Noise and
instability of an optical lattice clock. Phys. Rev. A, 92(6):063814, Dec 2015.
21. N. Huntemann, C. Sanner, B. Lipphardt, Chr. Tamm, and E. Peik. Single-Ion Atomic Clock with
3 × 10−18 Systematic Uncertainty. Phys. Rev. Lett., 116(6):063001, Feb 2016.
22. M. P. Dinca. Characterization and measurement of frequency stability of atomic frequency standards: I Fourier frequency domain. Rom. Rep. Phys., 47(6–7):629–645, 1995.
23. M. P. Dinca. Characterization and measurement of frequency stability of atomic frequency standards: Ii Averaging time domain. Rom. Rep. Phys., 48(1–2):39–57, 1996.
24. J. P. Gordon, H. J. Zeiger, and C. H. Townes. Molecular Microwave Oscillator and New Hyperfine
Structure in the Microwave Spectrum of NH3 . Phys. Rev., 95(1):282, July 1954.
25. H. Mark Goldenberg, Daniel Kleppner, and Norman F. Ramsey. Atomic Beam Resonance Experiments with Stored Beams. Phys. Rev., 123(2):530–537, Jul 1961.
26. Norman F. Ramsey. The Atomic Hydrogen Maser. Metrologia, 1(1):7–15, Jan 1965.
27. R. H. Dicke. The Effect of Collisions upon the Doppler Width of Spectral Lines. Phys. Rev.,
89(2):472–473, Jan 1953.
28. R. H. Dicke. Coherence in Spontaneous Radiation Processes. Phys. Rev., 93(1):99–110, Jan
1954.
29. J. P. Wittke and R. H. Dicke. Redetermination of the Hyperfine Splitting in the Ground State of
Atomic Hydrogen. Phys. Rev., 103(3):620–631, Aug 1956.
30. D. Kleppner, H. C. Berg, S. B. Crampton, N. F. Ramsey, R. F. C. Vessot, H. E. Peters, and
J. Vanier. Hydrogen-Maser Principles and Techniques. Phys. Rev., 138(4A):A972–A983, May
1965.
31. J. Vanier. The Active Hydrogen Maser - State of the Art and Forecast. Metrologia, 18(4):173–
186, 1982.
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J. Guéna, M. Abgrall, A. Clairon, and S. Bize. Contributing to TAI with a secondary representation of the SI second. Metrologia, 51(1):108–120, Jan 2014.
P. Berthoud, E. Fretel, A. Joyet, G. Dudle, and P. Thomann. Toward a primary frequency standard
based on a continuous fountain of laser-cooled cesium atoms. IEEE Trans. Instrum. Meas.,
48(2):516–519, Apr 1999.
G. Dudle, G. Mileti, A. Joyet, E. Fretel, P. Berthoud, and P. Thomann. An Alternative Cold
Cesium Frequency Standard: The Continuous Fountain. IEEE Trans. Ultras. Ferroel. Freq.
Control, 47(2):438–442, Mar 2000.
G. Dudle, A. Joyet, P. Berthoud, G. Mileti, and P. Thomann. First results with a cold cesium
continuous fountain resonator. IEEE Trans. Instrum. Meas., 50(2):510–514, Apr 2001.
A. Joyet, N. Castagna, P. Thomann, G. Dudle, C. Mandache, and T. Acsente. Metrological aspects
of the on-metas continuous fountain standard. In Proc. 2003 Int. Freq. Control Symp. Joint 17th
EFTF, Proc. IEEE Int. Freq. Control Symp., pages 115–119, New York, 2003. IEEE.
J. Vanier and C. Mandache. The passive optically pumped Rb frequency standard: the laser
approach. Appl. Phys. B, 87(4):565–593, May 2007.
Michael Petersen, Daniel Magalhaes, Cipriana Mandache, Ouali Acef, and Andre Clairon. Towards an Optical Lattice Clock Based on Neutral Mercury. In Proc. of the 2007 IEEE Int. Freq.
Ctrl. Symp. and 21st EFTF, Proc. IEEE. IEEE, Oct. 2007.
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