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Executive summary 

Chip-scale atomic clocks (CSACs) were first made commercially available in 2011, as the result of more than 
20 years of continuous support by the USA Defense Advanced Research Projects Agency (DARPA). As detailed 
in a previous Technical Report, the typical applications of CSACs can be found in battery-operated backpack 
equipment for the defence sector (e.g. man-portable military radios, jammers, GNSS receivers, etc.), although 
lately the commercialization of devices with radiation-hardened electronics has opened the possibility of 
deployment in space, e.g. to synchronize large constellations of LEO nano- or micro-satellites. CSACs are 
based on microwave transitions in warm vapours of alkali metals, and exploits a phenomenon called coherent 
population trapping (CPT) which allows eliminating the microwave cavity, thus ensuring a very favourable size, 
weight and power (SWaP) footprint. The drawback is a relatively poor long-term stability, which limits the 
application domain of these devices and prevents their use as primary frequency standards. Also the high cost 
(in the range of $ thousands, as compared with $ hundreds for conventional compact Rubidium clocks, which 
typically perform better) means that CSACs are used in applications which dictate the use of an extremely 
small, lightweight, and battery-operated device.  

Even before the commercialization of current-generation CSACs, a targeted effort was initiated by DARPA to 
support the development of devices with similar SWaP properties but a long-term stability improved by 
approximately three orders of magnitude. Such Next Generation CSACs (NG-CSACs) must leverage completely 
different physical phenomena, since present-day commercial devices can not lead to the desired performance 
level by technological improvements only. Several different physical platforms are being explored, and have 
reached different level of maturity. A first relatively low-risk approach consists in the miniaturization of 
mercury ions clocks, which exploit a microwave transition in electromagnetically-confined ions and have more 
than 30 years of heritage. A more ambitious approach make use of the same CPT effect employed in current-
generation devices, but exploits laser-cooled atoms instead of warm vapours to avoid the long-term 
instabilities of the atomic cell. The most challenging efforts involve using optical transitions in warm atomic 
or molecular vapours, with Doppler broadening suppression achieved by nonlinear optical phenomena such as 
two photon absorption or coherent modulation transfer.  

A survey of the available literature allows to assess the TRL reached by these different research line, and 
clearly shows that the USA is at the leading edge of their development. In particular, a chip-scale clock 
derived from the miniaturization of the mercury-ion Deep Space Atomic Clock launched in space in 2019 
could reach the fully-integrated prototype stage in the next five years.  Despite outstanding research 
capabilities, Europe seems presently to be lacking a focused and coordinated effort for the development of 
NG-CSACs. The EU is therefore running the risk of one day finding itself in the same position it is now with 
regards to CSACs, where it has to rely on imported devices, despite having developed very promising 
prototypes. The industrial production and the commercialization of CSACs constitutes indeed for manufactures 
a considerable investment risk, given the high cost of the technologies involved and the peculiarities of their 
main market, i.e. the defence one. The overall situation clearly calls for a coordinated EU support action, given 
the relevance that these devices will have for the EU strategic autonomy.       
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Abstract  

Following the four talks given in April/May 2021 on Chip Scale Atomic Clocks and summarized in a JRC 
Technical Report (1), we here relate two presentations devoted to Next-Generation Chip Scale Atomic Clocks 
(NG-CSACs) organized and chaired by DG DEFIS Unit B.2 and given in October/November 2021 to an audience 
composed by policy officers from DG JRC, DG DEFIS, DG CNECT, DG DIGIT, DG MOVE, REA, EISMEA, HaDEA, 
COUNCIL, EUSPA, EDA, and ESA (2).  

The driving motivation for the development of a novel CSAC with a stability performance significantly 
improved with respect to the available products is to obtain a miniature primary frequency standard, that is a 
device with a frequency stability similar to that of a Caesium beam tube and the typical size, weight and 
power footprints of a chip-scale atomic clock. Such a device would have an application space much wider than 
the one attainable by CSACs of the current generation, which because of their high cost and their relatively 
poor long term stability can be regarded as niche items primarily aimed at high-end backpack military 
applications.  

In this report we provide an overview of the research efforts for the development of NG-CSACs: we describe 
the different physical platforms which are being investigated, analysing the technical bottlenecks and 
assessing their technological readiness level. Continuous progress both in core and in enabling technologies is 
taking place, driven in particular by the US DARPA support over the last ten years, and physical packages with 
very promising properties are being developed. However, a fully-integrated commercially viable NG-CSAC has 
yet to emerge.   
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(1) M. Travagnin, “Chip-Scale Atomic Clocks: physics, technologies, and applications”, JRC Technical Report EUR 30790 EN, 2021 
https://publications.jrc.ec.europa.eu/repository/handle/JRC125394 
(2)  The list of invitees and of participants is not disclosed in the present Report. The interested reader is invited to contact via the 
functional e-mail defis-qts@ec.europa.eu the Directorate General for Defence Industry and Space, Unit B.2, which will handle the request 
in accordance with the relevant privacy rules. 

https://publications.jrc.ec.europa.eu/repository/handle/JRC125394
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1 Introduction 

Currently available miniature atomic clocks (MACs) and chip scale atomic clocks (CSACs) exploit coherent 
population trapping in warm alkali metal vapour, in a highly integrated package (3). The main difference 
among MACs and CSACs is that the first have better stability performance but a larger size, weight and power 
footprint. A CSAC can be battery-operated, but its high cost limits the application space mostly to backpack 
man-portable military devices. A handful of commercial CSACs products (manufactured in the US and in 
China) do exist, and some advanced prototypes have been developed (in the EU, Switzerland, United Kingdom 
and Japan), which market future is rather uncertain in the absence of a significant public support (e.g. in the 
form of procurement for military equipment). The main motivation for a NG-CSAC is that a miniature primary 
frequency standard would have a large application space and market uptake, which would allow scaling down 
manufacturing costs and thus guarantee a successful commercial device.   

It has been long recognized that technological evolution of existing CSACs and MACs will not lead to 
substantially better long term stability while maintaining low size & power footprints: different physics must 
be exploited to obtain a Next-Generation Chip Scale Atomic Clock with significantly better long-term stability 
performance. We here provide an overview on applied research on this field, within these flexible boundaries: 

 Reached the experimental proof of concept stage, i.e. Technological Readiness Level of at least 3 

 Demonstrated physical package < 1,000cm3 (1L)  

 Potential for further miniaturization and battery operation  

 Potential for performance similar to Caesium Beam Tube primary standards 

A review of the research activities allows positioning the NG-CSAC candidates in the atomic clocks landscape, 
and identifying the physical principles which can be leveraged for their development. The available scientific 
literature shows that a substantial improvement in long-term stability can be obtained in a compact device by 
using microwave transitions in cold atoms or in trapped ions, or optical transition with sub-Doppler properties 
in warm atomic vapours. Three different lines of work seem therefore the most promising: 

1. Microwave transitions in laser-cooled alkali metals (Rb, Cs)  

 Double Optical-Microwave Resonance  

 Coherent Population Trapping (CPT) 

2. Line II: Microwave transition in double-resonance trapped ions  

 171Yb+, laser pumped 

 199Hg+, lamp pumped 

3. Line III: Optical transitions in warm atomic/molecular vapours  

 Modulation Transfer spectroscopy (I2, Rb) 

 Two Photon Transition (Rb) 

We review the progress achieved in these three areas, and try to establish the technological readiness level 
which has been reached. Trapped-ion systems have reached the highest maturity, although considerable 
technological development is still needed to miniaturize and integrate all the necessary components. Due to 
several technical constraints, CPT in laser-cooled atoms has yet to demonstrate its full potential, while system 
based on optical transitions need the development of several critical micro-fabricated components to yield a 
suitably compact system.   

The overall conclusion is that a commercially viable NG-CSAC has yet to emerge. Several physical platforms 
are being investigated which present distinctive properties, and it is still impossible to assess whether one 
among them will yield a clear winner. A probable outcome is that different devices exploiting a variety of 
working principles will be developed in the next three to ten years, to suit applications requiring different 
properties and performance levels. Still, the development of some of the required manufacturing 
technologies, as well as the miniaturization and the integration of several customized components still 
constitutes an open challenge.   

 

 

                                           
3 The present Report is to be considered as a supplement to M. Travagnin, “Chip-Scale Atomic Clocks: physics, technologies, and 
applications”, JRC Technical Report EUR 30790 EN, 2021, https://publications.jrc.ec.europa.eu/repository/handle/JRC125394, to which the 
reader is referred for an essential background.  

https://publications.jrc.ec.europa.eu/repository/handle/JRC125394t
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Historical Note 

In November 2021 Robert Lutwak from Microchip contacted the author to provide some remarks on the JRC 
Technical Report EUR 30790 EN, “Chip-Scale Atomic Clocks: physics, technologies, and applications”, published 
in 2021. I gratefully acknowledge the additional information he offered on the history of CSACs development, 
and take the chance to share it with a wider audience.        

1) DARPA actually began investing in CSACs in 1990, primarily at Westinghouse Corporation.  The 
subsequent 2000 DARPA program, which was ultimately successful, was a reboot of the 1990 program. 
The Westinghouse team, led by Peter Chantry and Irv Lieberman, did some of the earliest and best work 
characterizing the physics of small vapour cells. On this project they also developed the first single-
transverse-mode VCSEL at MODE Corporation (now a division of Emcore). This work, through the 1990's, 
did not lead to a product, primarily because the microwave electronics did not become available until the 
cell phone industry brought them to bear 10 years later. Nevertheless, the early contributions of the 
Westinghouse teams and of Lt. Col. Beth Kaspar, the original DARPA Program Manager, have been crucial 
for the successive developments.   

2) Symmetricom (then Datum) was initially funded by the US Army to review the Westinghouse effort in 
1998 and entered into contract with DARPA in 2000. The collaboration among Draper, Sandia, and 
Symmetricom allowed fundamental work for the development of CSACs to be performed: in particular, 
John Leblanc at Draper developed the first anodically-bonded MEMS vapour cells, Mark Mescher, also at 
Draper, developed the polyimide thermomechanical suspension system, Darwin Serkland, at Sandia, 
developed the first high-efficiency narrow-linewidth VCSELs at the Caesium D1 line, and Robert Lutwak’s 
team at Symmetricom developed the electronics and algorithms and demonstrated the first fully-
autonomous CSAC. 

 

Disclaimer 

The citation of a specific commercial product in this report should not be regarded as an endorsement or as a 
recognition of the product's quality from JRC or the EC. 
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2 Next-Generation Chip Scale Atomic Clocks 

2.1 Drivers, programmes, and technical overview 

In this Section we explain the motivations that drive the quest for NG-CSACs, we present the main support 
programmes sponsored by DARPA, and to exemplify their outcomes we give a quick preview of the main 
actions undertaken at Sandia, so that the reader can appreciate how challenging the final target is. We then 
show the place of NG-CSACs in the overall panorama of existing and emerging atomic frequency standard, by 
presenting a compact list of clocks which are being developed and are expected to become available in the 
next 5 to 10 years. This work allows identifying the three most promising research lines along which the 
development of NG-CSACs is progressing, namely microwave transition in laser-cooled alkali metals, 
microwave transition in trapped ions, and optical transition in warm atomic and molecular vapours. Some 
essential nomenclature is presented as a final step, to explain the meaning of terms such as double 
resonance, coherent population trapping, Rabi and Ramsey interrogation schemes, which are an essential pre-
requisite to understand the material of the following Sections.  

A reader looking for a basic introduction on CSACs is direct to the NIST webpage4, while a more scientific 
treatment is given by [Knappe 2007]5; an updated review on the emerging frequency standard is provided by 
[Schmittberger 2021]6. 

 

      

 

 

 

 

                                           
4 https://www.nist.gov/noac/success-story-chip-scale-atomic-clock 
5 https://tsapps.nist.gov/publication/get_pdf.cfm?pub_id=50424 
6 https://ieeexplore.ieee.org/document/9316270 

 

https://www.nist.gov/noac/success-story-chip-scale-atomic-clock
https://tsapps.nist.gov/publication/get_pdf.cfm?pub_id=50424
https://ieeexplore.ieee.org/document/9316270
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2.2 Microwave transitions in laser-cooled alkali metals 

A first possibility to improve the performance of present-generation commercial CSACs relies on laser cooling 
the atoms which undergo the clock transition, in order to supress the instabilities associated with the vapour 
atomic cell which contains the alkali metal atoms and the buffer gas used to quell the Doppler broadening.  

A first approach was initiated by Draper Laboratories and collaborators more than 10 years ago, and 
employed a conical magneto-optical trap in the conventional double optical-microwave scheme used in 
standard Rubidium clocks. Unfortunately, all the prototypes which have been developed failed to reach the 
stability performance required by the DARPA programmes, and there has been no research work published in 
the last 6 years. The main references for this work are [Shah 2011], [Shah 2012], and [Scherer 2014]. 

A second approach exploits laser cooling in the same coherent population trapping scheme on which current-
generation CSACs are based. Several groups are working along this line, but the most advanced table-top 
implementations are being developed at NIST. Despite very impressive proof-of-principle demonstrations, we 
are still quite far from a fully-integrated prototype, and several technical issues must be resolved to reach the 
desired performance level. The interested reader can find in [Liu 2017] and [Elgin 2019] a not-too-technical 
description of the status of the art. 

To conclude this Subsection we present an overview of the funding programs targeting cold atom 
technologies and in particular frequency standards based on laser-cooled atoms. Although portable cold atom 
clocks do exist as commercial products, their miniaturization to chip-scale dimensions represent a non-trivial 
challenge.      
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2.3 Microwave transitions in trapped ions 

The invention of Paul trap (Nobel prize in Physics, 1989) provided a simple and robust way to isolate ions 
from environmental disturbances, and among several applications spurred the development of trapped-ion 
clocks. Such clocks lends themselves quite naturally to miniaturization, since a simple and efficient Doppler 
suppression mechanism can be ensured by using helium as a buffer gas. In the last 10 years, miniaturization 
efforts focused mostly on clocks exploiting microwave transitions in Ytterbium and in Mercury ions.   

The player which has advanced the most towards a miniaturized Yb+ clock is Sandia with its partners. Several 
vacuum packages with volumes down to 0.8cm3 have been developed, in a double-resonance scheme which 
requires two different lasers. The behaviour of the laser at 369nm seems to represent the main obstacle to 
reaching the desired stability performance, and also the presence of a parasitic state which capture the ions is 
an issue to be resolved. A complete idea of the progress being done can be gathered from [Schwindt 2015], 
[Schwindt 2016], [Schwindt 2017], and [Schwindt 2018].   

JPL is miniaturizing his Deep Space Atomic Clock, which has been tested in space in 2019, see [Burt 2021]. A 
vacuum package of 15cm3 has been developed, and an Hg discharge lamp is use to avoid laser-induced 
instabilities. Work is now progressing to miniaturize and integrate in a physical package all the clock 
component without compromising the outstanding stability level which has been measured. The work done by 
JPL is described in [Gulati 2018], [Hoang 2019], and [Hoang 2020]. It is worth noting that also China is 
funding the development of an Hg+ clock, see [Liu 2020]. 

Overall, microwave clocks based on trapped ions presently represent the most mature physical platform for 
the development of NG-CSACs.   
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2.4 Optical transitions in warm vapours 

In the last 15 years, atomic clocks based on optical transitions which outperform those based on microwave 
ones have emerged [Sharma 2020], [Gellesh 2020]. In such clocks the local oscillator is a laser stabilized to 
an optical atomic transition, and devices called frequency combs are required to derive an electronically 
usable radiofrequency signal from the stabilized optical tone. Generally speaking, optical clocks are large and 
complex devices, and do not lend themselves naturally to miniaturization. There is however the possibility of 
compact implementations in which sub-Doppler spectroscopic lines are obtain in warm atomic cells by using 
nonlinear optical effects that do not require complex laser cooling or confinement mechanisms such as ion 
trap or optical lattices. Two such effects have indeed been discovered in the 70s’ and in the 80s’, namely 
modulation transfer spectroscopy and two-photon transitions.  

Modulation transfer spectroscopy has been used in Rubidium to develop a table-top optical clock (see e.g. 
[Zhang 2017]) and in Iodine to build an optical frequency standard which has also been tested in a sounding 
rocket [Schkolnik 2017], having spatial applications in mind. Two photon transition is being used both with the 
aim of developing a relatively compact (10-liters) clock [Martin 2018] and in the longer term for a fully 
miniaturized system [Newman 2019], [Maurice 2020].  

Major obstacles for an optical CSAC are the development of integrated custom components such as fast-
frequency-tunable lasers and frequency microcombs. Several programs aimed at developing the necessary 
enabling technologies are being funded, e.g. by DARPA, ESA and the EC.   
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3 Conclusions 

According to publicly-available information, the USA is the only country with dedicated programs aimed at 
developing a next-generation chip scale atomic clock, i.e. a miniaturized device with the stability performance 
of a primary frequency standard. DARPA sponsored NG-CSAC efforts at least since 2010, i.e. even before the 
first CSACs based on coherent population trapping (CPT) in warm alkali metals were made commercially 
available. DARPA is aiming at a device with CSAC-like CSWaP footprints (broadly speaking, a ~50cm3 battery-
operated clock at a cost of some thousands $) and the performance of a primary frequency standard 
(namely, a ~10-14 stability floor at 1 day): this constitutes an extremely challenging target, which after 10 
years of efforts has not yet generated a viable product. 

Systems with the highest technological maturity are based on double-resonance microwave transitions in 
trapped ions, for which vacuum packages have been built and characterized; however, their full integration 
and miniaturization requires complex customized technologies, and may impact on performances. Systems 
based on CPT microwave transitions in laser-cooled Rb atoms are being developed; although in principle they 
can reach the targeted specs, their performances are in practice still limited by several technical factors in the 
cold atom source and in the CPT optical implementation. Exploiting sub-Doppler optical transitions in warm 
atomic or molecular vapours shows that 10-L systems can be feasible in the next 3-5 years; however, a truly 
chip-scale atomic clock based on optical transitions requires the development of several customized micro-
components and needs long-term support. 

The early start of the DARPA programs on NG-CSACs allowed the USA developing substantial technical 
expertise and intellectual property. Conversely, Europe is presently not only dependent on imports for 
commercial CSACs of the current generation, but is still missing a coherent framework of support actions for 
the development of next-generation miniaturized clocks. Given the range and the sensitivity of the 
applications enabled by such devices, it can be argued that EU-27 is presently running the risk of prolonging 
to the next decades its strategic dependence on clocks with critical space and defence applications.  

Since the physical platforms on which NG-CSACs could be based have reached very different levels of 
technological maturity, a wide range of support actions is likely required to foster the development of a 
device which in the next decade can become important for the EU-27 strategic autonomy: in particular, 
applied research and academic-industrial collaborations should be encouraged to foster the development of 
critical components and manufacturing technologies. It is worth noting that targeting a NG-CSAC can become 
instrumental for bringing to fruition a wide range of physical effects, which can be leveraged not only for 
measuring time but also to develop new miniaturized devices to be used e.g. for autonomous navigation and 
electromagnetic sensing. In this sense, supporting the development of NG-CSACs would be a highly 
consequential political decision, able to spur progress is several fields.     
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List of acronyms 

AFRL Air Force Research Laboratory 

CBT Caesium Beam Tube 

CPT Coherent Population Trapping 

CSAC Chip Scale Atomic Clock 

DARPA Defense Advanced Research Projects Agency 

DARPA ACES Atomic Clocks with Enhanced Stability 

DARPA IMPACT Integrated Micro Primary Atomic Clock Technology 

DG CNECT Directorate-General for Communications Networks, Content and Technology 

DG DEFIS Directorate-General for Defence Industry and Space 

DG DIGIT Directorate-General for Informatics 

DG JRC Directorate-General Joint Research Center 

DG MOVE Directorate-General for Mobility and Transport 

DLR Deutsches Zentrum für Luft und Raumfahrt, i.e. German Aerospace Center 

DSAC Deep Space Atomic Clock 

EDA European Defence Agency 

EISMEA European Innovation Council and SME Executive Agency 

ESA European Space Agency 

EUSPA EU Agency for the Space Programme 

GNSS Global Navigation Satellite System 

GPS Global Positioning System 

HaDEA European Health and Digital Executive Agency 

LEO Low Earth Orbit 

MAC Miniature Atomic Clock 

MOT Magneto Optical Trap 

NG-CSAC Next Generation Chip Scale Atomic Clock 

NIST National Institute for Science and Technology 

OCXO Oven Controlled Crystal Oscillator  

OPC Optical Pump Caesium 

PHM Passive Hydrogen Maser 

PNT Positioning, Navigation, and Timing 

REA Research Executive Agency 

RFS Rubidium Frequency Standard 

SWaP Size Weight and Power 

TCXO Temperature Controlled Crystal Oscillator 

TRL Technology Readiness Level 

VCSEL Vertical Cavity Surface Emitting Laser 

VCXO Voltage Controlled Crystal Oscillator 
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