IOPScience

Home

Search Collections Journals About Contactus My IOPscience

iopscience.iop.org

Historical overview of Ramsey spectroscopy and its relevance on Time and Frequency

Metrology

This content has been downloaded from IOPscience. Please scroll down to see the full text.

2016 J. Phys.: Conf. Ser. 733 012020
(http://iopscience.iop.org/1742-6596/733/1/012020)

View the table of contents for this issue, or go to the journal homepage for more

Download details:

IP Address: 200.136.52.125
This content was downloaded on 16/12/2016 at 18:42

Please note that terms and conditions apply.

You may also be interested in:

Historical overview of gel dosimetry
Clive Baldock

Optical Ramsey spectroscopy of atomic hydrogen
B. Gross, A. Huber, M. Niering et al.

Past and present of time-of-flight small-angle neutron scattering at IBR-2

A Kuklin, A Islamov, M Balasoiu et al.

Sub shot-noise frequency estimation with bounded a priori knowledge
Changhun Oh and Wonmin Son

Optimal condition for measurement observable via error-propagation
Wei Zhong, Xiao Ming Lu, Xiao Xing Jing et al.

Spectral narrowing of magnetic resonance in transverse optical pumping by recurrently using free

decay
Takahisa Mitsui, Kiyomitsu Yamashita and Katsumi Sakurai

Quantum frequency estimation with trapped ions and atoms
U Dorner

Optimized geometries for future generation optical lattice clocks
S. Kréamer, L. Ostermann and H. Ritsch

Laser noise imposed limitations of ensemble quantum metrology
D Plankensteiner, J Schachenmayer, H Ritsch et al.



http://iopscience.iop.org/page/terms
http://iopscience.iop.org/1742-6596/733/1
http://iopscience.iop.org/1742-6596
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience
http://iopscience.iop.org/article/10.1088/1742-6596/3/1/001
http://iopscience.iop.org/article/10.1209/epl/i1998-00455-9
http://iopscience.iop.org/article/10.1088/1742-6596/351/1/012001
http://iopscience.iop.org/article/10.1088/1751-8113/48/4/045304
http://iopscience.iop.org/article/10.1088/1751-8113/47/38/385304
http://iopscience.iop.org/article/10.1088/0953-4075/30/10/013
http://iopscience.iop.org/article/10.1088/0953-4075/30/10/013
http://iopscience.iop.org/article/10.1088/1367-2630/14/4/043011
http://iopscience.iop.org/article/10.1209/0295-5075/114/14003
http://iopscience.iop.org/article/10.1088/0953-4075/49/24/245501

8th Brazilian Congress on Metrology (Metrologia 2015) IOP Publishing
Journal of Physics: Conference Series 733 (2016) 012020 doi:10.1088/1742-6596/733/1/012020

Historical overview of Ramsey spectroscopy and its relevance
on Time and Frequency Metrology

M M Amaral "*, L V G Tarelho ', M A de Souza ', A C Baratto', G A Garcia ',
S T Muller %, J De Martin Jr %, A S Rodriguez >, A Bebeachibuli’,
D V Magalhies **

! National Institute of Metrology, Quality and Technology - INMETRO; Av. Nossa
Senhora das Gragas, 50, 25250-020, Duque de Caxias- RJ — Brazil.

? Institute of Physics of Sdo Carlos— University of Sao Paulo - IFSC-USP, Av.
Trabalhador Sao-Carlense, 400, 13566-590, Sao Carlos - SP — Brazil.

* School of Engineering of Sdo Carlos — University of Sdo Paulo - EESC-USP, Av.
Trabalhador Sdo-Carlense, 400, 13566-590, Sao Carlos - SP — Brazil.

“Institute of Nuclear and Energy Research — IPEN, Avenida Lineu Prestes, 2242,
05508-000, Sdo Paulo - SP -Brazil

E-mail: lvtarelho@inmetro.gov.br

Abstract. A brief overview of the historical evolution of the method of successive oscillatory
fields developed by Norman Ramsey, and some different implementations of the decurrent
methodology are presented. We use time and frequency standards, from Cs atomic beams to
optical standards, as examples. The scientific progress and the technological implementation
achieved through a partnership between USP-SC and INMETRO are shown on the
characterization of each time and frequency standard.

1. Introduction

The 1989 Physics’ Nobel Prize was divided between Normal F. Ramsey, Hans G. Dehmelt and
Wolfgang Paul. Ramsey was awarded "for the invention of the separated oscillatory fields method and
its use in the hydrogen maser and other atomic clocks" [1].

Ramsey started to work on Rabi's group at Columbia University in 1937, right after the invention
of molecular-beam magnetic resonance. The first experiments in the group were made with lithium
fluoride molecules, hydrogen and deuterium. In fact, very good spectra were obtained from lithium
fluoride molecules, but the results from hydrogen and deuterium were not as good. This problem was
turned over to Ramsey, whereas other researchers in the group pursued, then, more promising and
productive goals [2].

The Rabi's method setup employed a uniform magnetic field provided by a coil in which atoms and
molecules pass through. When a “correct” frequency of a RF field is applied to the coil, the nuclear
spin of an atom flips. The spectral line width in Rabi's resonance is a function of the time of flight
throughout the coil, so the longer the time the sharper the line.

After joining Harvard University in 1947, Ramsey started to design his new molecular-beam
magnetic resonance apparatus. He faced the challenge of maximizing the spectral resolution. One idea
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was to making the RF coils as long as possible to obtain extremely uniform magnetic field, but it
became extremely hard to achieve.

Inspired by the Michelson [3] stellar interferometer, that has almost twice the resolution of a
perfect telescope with mirror diameter of the same length of the interferometer, Ramsey discovered
that using two coils to apply an oscillatory field to the atoms, the resolution of the spectral lines would
be twice the resolution obtained in Rabi's method [2,4,5].

In this article we will present a brief overview of the method of successive oscillatory fields
developed by Norman Ramsey, its application on the main atomic clock models (Cesium Atomic
Beam, Compact Atomic Clock, Fountain Clock, Hydrogen Maser and Optical Atomic Clock) for
primary standards of time and frequency, and its importance on other physics experiments. As
illustration, we present the progress of the scientific development and technology implementation on
IFSC-USP and INMETRO.

2. The Ramsey Method "'

Ramsey developed a method, designed originally for measurements of nuclear magnetic moments,
which can be applied for both atomic and molecular beams. In this methodology, instead of applying a
coherent field over a period of time 7, as in Rabi's method, the atoms or molecules are exposed to the
field twice by a short period of time 7, separated by a period 7 with no field applied (Figure 1). The
atoms are prepared on an initial state and enter the region of interaction on the time # =0 and interact
with a microwave radiation with frequency v during the time interval z. In #= 7 the atoms pass
throughout a microwave free region and their quantum states evolve freely during the time interval T.
Finally, on ¢t = 7+ T, the atoms interact again with the microwave during a new period of time 7. In
each region of microwave field, the atoms feel a /2 pulse. At the end of this process, with the right
condition of frequency and of field power, that maximize the transition probability, the atoms must be
at the state|FF = 4 . Parallel to the atomic beam direction, in the region of interaction, there is a static
magnetic field (C-field) that permits to lift the degeneration of the hyperfine steady state. After that,
the atoms pass through a detection system that measures the transition probability by an induction
signal proportional to the number of atoms in the upper state.

The Full Width at Half Maximum (FWHM) of the interference pattern isdn =1 2T . So, the
longer the time spent by the atoms between the regions of interaction, the narrower the FWHM,
improving the sensitivity.
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Figure 1. Schematic representation of Ramsey
spectroscopy for Cesium Atomic Beam.

The temporal separation between the oscillatory fields can be achieved by a spatial separation of
the two regions of field interaction (e.g. Cesium Atomic Beam and Hydrogen MASER), or by the
interaction with the field in the same spatial location, turning on and off the field (e.g. Compact
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Atomic Clock and Optical Atomic Clock), or making the atoms to pass twice the same region (e. g.
Fountain Clock).

In this method of successive oscillatory fields the resonance line is about 1.7 times narrower than
the Rabi's methodology for the same length of the apparatus, the sharpness of the resonance is not
affected by non-uniformities of the constant field, leading to an increase in precision by a factor of 20,
it is more efficient at high frequencies, and the first-order Doppler shifts are eliminated.
Notwithstanding those advantages, some precautions must be taken, e.g., the variation on the
amplitude of the oscillating field may change the shape of the resonance line.

3. Primary Standards of Time and Frequency

The BIPM establishes the hyperfine transition |6 281/2, F=3, m&0>—16 281/2, F=4, m#&0>
of the non-perturbed Cesium (Cs) fundamental state, at the microwave frequency region
(9.192 631 770 GHz), as the definition of the second (Figure 2).
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Figure 2. Cesium Energy Levels for D, transition at
852 nm.

A primary standard of time and frequency possess the best possible accuracy and stability and it
finds applications on local representation of time scale, telecommunications, base stations for
satellites, geo positioning, among others, emphasizing the economic impact of the methodology
developed by Ramsey, which gave rise to the atomic clock technology.

3.1. Cesium Atomic Beam

Most of the standard atomic clocks in operation around the world are commercial Cs atomic beam
clocks employing magnetic selection, notwithstanding the facts that their metrological characterization
are not so easy, and that there are some difficulties to correct all uncertainty factors. The assembling of
an optically pumped Cs beam clock is a good alternative that allows a complete metrological
characterization of the effects that can affect its operation and of the correction factors. Thus, an
accurate and stable operation can be achieved. The main differences between the magnetic selected
and optically pumped beam clocks are related to the way the atoms of Cs are prepared on the quantum
state F = |3 and how the transition probability to |F = 4 is measured.

3.1.1 Optically Pumped Atomic Beam.The atoms of Cs that emerge from a heated oven with velocities
of about 200 m/s on the states |[F =3 and |F =4, are collimated by a nozzle. The atoms are
optically prepared to obtain a population inversion, putting the most part on the |F = 4 state. They
pass then through spatially separated oscillatory fields (figure 1) and the Ramsey spectroscopy is
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performed, obtaining the interference pattern shown in figure 3. Locking the microwave frequency at
the maximum of the interference pattern allows operating it as a primary frequency standard (or a local
“atomic clock™). The Ramsey fringe shown in figure 3 was obtained with a primary frequency
standard developed at the Physics Institute of Sdo Carlos [6] since 1998. This standard was allocated
to Inmetro at the end of 2013 [7] to be commissioned as a national primary standard.
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Figure 3. Ramsey fringe for cesium atomic beam.

3.2. Compact Atomic Clock
The compact atomic clock is an evolution of the thermal beam clock. It uses cold atoms trapped by
laser to interrogate the clock transition, improving its performance.

Figure 4 shows a setup of the compact atomic clock. Three-axis laser beams and a magnetic field
trap the atoms (magneto-optical trap) and cool them down at the center of the setup. The atoms are
prepared on the state |F = 3 in the same way described at Cs beam section. In sequence, the magnetic
field is turned off and the atoms are exposed to the microwave oscillatory field for a time period t, the
microwave oscillatory field is turned off for a time period T and the atoms are exposed again to the
microwave oscillatory field to a new period of time t as described on section 2.

Figure 4. Compact atomic clock setup.
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The main advantage of this setup is its compact size compared to the size of the thermal beam
clock, allowing its use at base stations, satellites and for high performance signal dissemination.

Figure 5 presents the Ramsey interferometry pattern, provided by a compact clock, measured at
Sdo Carlos laboratory [8]. It is possible to observe an improvement on the spectral resolution when it
is compared to that of the Cs beam.
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Figure 5. Ramsey fringe obtained with a compact
atomic clock

3.3. Fountain Atomic Clock

The fountain atomic clock also uses cold atoms to measure the hyperfine (clock) transition [9]. The
process of trapping the atoms is similar to that of the method described for the compact clock, the
difference being that it follows a ballistic trajectory concept introduced by Zacharias [5].

After preparing the atoms on the state |F = 3 , the cold atoms are launched up vertically with a few
meters per second velocity and pass through a region of oscillatory microwave field, for the first time,
in a time period t. The gravitational force slows the atoms down until them fall back and, after a time
period T, the atoms pass again at the same region of oscillatory microwave field by another time
period 1 (see figure 6). The fringe shown in the figure was obtained in Sdo Carlos [9].
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Figure 6. Fountain atomic clock setup and Ramsey fringe.
It is interesting to note that, due to the different constructive characteristics, the time interval 7
between the oscillatory microwave fields is bigger at Fountain clock, followed by Compact Clock and
then by the Atomic Cs Beam and thus the spectral resolution and accuracy are better at the same order.

4. Other Frequency Standards

4.1. Hydrogen MASER

The microwave amplification by stimulated emission of radiation, whose acronym is MASER, has
been built using various atomic or molecular species in order to perform high-resolution microwave
spectroscopic investigations. The Hydrogen MASER has achieved the most widespread use, its
stability being superior to that of Cesium (Cs) clocks for periods from about 10 s to a day

The atomic hydrogen MASER uses a transition between two ground state levels |[F =1, m¢=0
and |[F=0m;=0 of atomic hydrogen, with a frequency separation of 1420405 752 Hz
(1.42 GHz). The atomic hydrogen (H) is produced in an intense electrical discharge from the
molecular hydrogen gas (H,). The atoms emerge from the source into an evacuated region and enter a
state-selecting magnet. The |F = 1 state will be focused onto the small aperture of the storage cell,
whereas the |F = 0 state is defocused. When these atoms are exposed to microwave radiation at the
hyperfine frequency, more atoms are stimulated to go from the higher-energy state to the lower one.
Thus, this device is an amplifier [4,10].

Hydrogen MASER has also been operated with the microwave power confined in two small
cavities that function as separated oscillatory field devices (Ramsey’s method). The atoms that are
stimulated to emit radiation move randomly into and out of these cavities with oscillatory fields and
spend the intermediate time in the large container with no such fields. Due to the large size of the
storage box, there are longer flight times and less frequent wall collisions, so the resonances are
narrower and the wall shifts are smaller than for a normal hydrogen MASER (with just microwave
cavity).

4.2. Optical Atomic Clock

The natural evolution of these atomic clocks points to the most promised measurements in the optical
range frequencies (THz), instead of using microwave excited transitions (GHz) range. Even at this
newfangled range, Ramsey method can be of further assistance. Single laser pulse techniques are
similar to Rabi spectroscopy and multiple pulses techniques can be related to Ramsey spectroscopy.
Multi pulse Ramsey spectroscopy offers several ways to significantly manipulate some frequency
shifts present in the excitation, interrogation or detection systems. The most promising method is
called Hyper Ramsey spectroscopy scheme [11]. It is based on time-separated pulses that can have
different durations, frequencies and phases. The pulses manipulate the induced frequency shifts of the
spectroscopic signals due to interference effects. The signature Ramsey fringes are present in Hyper
Ramsey fringes under some conditions, and the capability of reducing frequency shifts is very
important for uncertainty characterization of high precision optical clocks. Inmetro and Physics
Institute of Sao Carlos have established a cooperation agreement to develop this class of frequency
standards based on Sr (Strontium) atoms [12].

5. Conclusion

The field of time and frequency standards received, and continues to receive, important contributions
from the Ramsey method. This method turned to be fundamental to the evolution of the atomic clock
apparatuses. Brazil is now in the route to construct an infrastructure to build, operate and maintain
primary frequency standards that should be, in a near future, capable of contributing to the TAI of the
BIPM. It is interesting to note that, due to the different constructive characteristics, the time T between
the oscillatory microwave fields is, at Fountain clocks, bigger than the Compact Clock and the Atomic
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Cs Beam Clock. Mainly due to these characteristics, its spectral resolution and its accuracy are better
than these last clocks.
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