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Abstract — We present two lines of investigations on vapor cell 
based laser-microwave double-resonance (DR) rubidium atomic 
frequency standards: a compact high-performance clock 
exhibiting σy(τ) < 1.4x10-13 τ-1/2 and a miniaturized clock with 
σy(τ) < 1x10-11 τ-1/2. The applications of these standards are 
emphasized towards portable applications such as next 
generation GNSS, deep space missions and telecommunications. 
Other techniques for DR clocks are discussed in brief. 

I. INTRODUCTION 
In recent years, laser optical-pumping has substantially 

improved the achievable frequency stabilities of rubidium cell 
standards [1-4]. The compactness of these standards is 
beneficial in view of portable applications, such as GNSS, 
telecommunications etc.  

Last developments on high-performance Rb standards 
have resulted in stabilities better than the lamp-pumped Rb 
clocks, cesium beam standards and passive hydrogen masers 
[3-7]. In this paper we will discuss the continuous-wave (CW) 
optical pumping approach to Rb standards. In contrast to other 
approaches as for example pulsed optical pumping (POP), the 
CW approach has the advantage of not requiring an acousto-
optical-modulator (AOM) or any other light shutters for the 
clock operation [4]. Only a small and simple laser source is 
sufficient. Hence, the compactness of high-performance Rb 
standards is not compromised, while they still can achieve 
excellent stabilities of < 2x10-13 τ-1/2. 

The developments of miniaturized frequency references 
are of particular relevance considering certain portable 
applications, for instance in telecommunications or for 
military purposes. So far the major focus in miniaturized 
clocks was on using coherent population trapping (CPT) 
scheme [8-10]. In comparison, the double-resonance approach 
has several advantages. Thanks to the absence of non-resonant 
laser modulation sidebands, the background level of the signal 
is reduced. In addition, it allows a ten times higher amplitude 

with degradation of the linewidth by only a factor of two. 
Therefore, in similar operating conditions, DR allows a 
typically five times better short-term stability [11].  

This paper focusses on the two above mentioned 
approaches: the high-performance- and the miniaturized 
rubidium standards in a CW laser-microwave DR scheme, 
both based on Rb cells containing thermal atomic vapors. At 
first, the DR operation principle is recalled for 87Rb atoms. 
The building blocks of our high-performance clocks, such as 
glass-blown cells, laser source and compact microwave 
cavities are then discussed. The physics packages (PP) are 
presented with their respective achieved stabilities. In a second 
approach we focus on the use of microfabricated miniaturized 
cells and on the microwave cavity. DR signals and an 
excellent stability (< 1x10-11 τ-1/2) are shown and discussed for 
this clock. Finally, we present other alternative technologies, 
such as the use of wall-coatings, low-temperature bonding and 
microfabricated Rb discharge lamps. 

II. CLOCK PRINCIPLE AND KEY BUILDING BLOCKS 
A. Clock principle 

The continuous-wave laser-microwave double-resonance 
principle requires two sources of radiation resonant with Rb 
atomic transitions: the laser and the microwave source. The 
light emitted by the laser optically pumps the vapor of the 
rubidium atoms, thus depleting one of the ground states and 
populating the other one, i.e. creating a polarization of the 
atomic ground-state as shown in Fig. 1. Simultaneously, a 
microwave field is applied. Its frequency, resonant with the 
87Rb clock transition (52S1/2│Fg=1,mF=0〉 →│Fg=2,mF=0〉), is 
generated by a voltage controlled crystal oscillator whose 
frequency is multiplied. The light power transmitted through 
the cell, as a function of the microwave frequency, is a 
measure of the atomic ground-state polarization and gives the 
clock signal. This signal typically has a Lorentzian shape  
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[1, 3], and stabilization of the quartz oscillato
this signal realizes the clock. 

Figure 1. Principle of double-resonance (DR) spectr
87Rb atomic energy-level scheme. 
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Figure 2. Glass-blown cells with two different dime
23 mm and (b) 25 mm x 25 mm, filled with 87Rb and
gases. 
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Figure 8. DR signal with 25 mm cell. ν0 is the 87Rb unperturbed clock 

frequency. 

The measured short-term frequency stability of our clock 
is 1.36x10-13 τ-1/2 (see Fig. 9), which is in a good agreement 
with the predicted S/N limit. This clock was operated in 
standard laboratory conditions (no vacuum enclosure or 
thermal chambers used). Studies on the medium- to long-term 
time-scales (τ ≥ 100 s) remain to be done by evaluating, for 
instance, the impact of light-shifts, temperature shifts, and 
microwave power shifts. However, a similar resonator 
package, with a different cavity, showed stabilities of  
< 1x10-14 at 104 s up to 1 day [3]. 

 
Figure 9. 25mm cell clock short-term stability without noise cancellation. 

We have demonstrated that by using a larger cell, we could 
improve the short-term stability and reach the level of 
< 1.4x10-13 τ-1/2. This short-term stability is comparable to the 
pulsed-optical-pumping clock operated under vacuum [4], and 
is about a factor of five better than for a passive H-maser [5]. 
This stability is also approximately one order of magnitude 
better than the best lamp-pumped Rb clocks. Furthermore, 
using the noise subtraction technique, we expect to reach the 
level of < 1x10-13 τ-1/2. 

IV. DOUBLE RESONANCE WITH MICROFABRICATED CELLS 
A. 2D and 3D microfabricated cells and μ-LGR 
The potential of a DR clock using a microfabricated alkali 

vapor cell (2D-cell with the inner dimensions of 5 mm in 
diameter and a height of 2 mm, see Figure 10(a)) filled with 

buffer gas was already demonstrated [20, 21]. The 
corresponding clock’s Allan deviations using laboratory 
electronics were measured to be 6x10-11 τ-1/2 and < 2x10-11 τ-1/2, 
respectively.  

       
 (a) (b) 

Figure 10. Microfabricated cells; (a) 2D cell and (b) 3D cell. The mm-scale 
paper in the background gives the idea of scaling for the cell dimensions. 

To further improve the performances and in view of future 
miniature DR clocks, a new miniature cell (3D-cell) was 
designed and microfabricated in collaboration with SAMLAB-
EPFL [22]. The goal of 3D-cell was to increase the vapor 
thickness and thus to improve on the DR signal. The cell 
design was also driven by the parallel development of a new 
generation of microwave loop gap resonators, or μ-LGR [23] 
(see Fig. 11). The 3D-cell shown in Figure 10(b) has inner 
dimensions of 4 mm in diameter and 4.05 mm in height. It 
consists of a multiple stack of glass and silicon layers bonded 
to each other using anodic bonding [9]. The cavity inside the 
thick glass layer is mechanically drilled, while silicon is 
patterned by deep reactive ion etching (DRIE). 

The μ-LGR is a multi-layer stack of printed loop-gap 
resonator structures, coupled to a coaxial fed strip-line (see 
Figure 11). This structure has a total cavity volume < 0.9 cm3 
and within the cell volume, 90% of the total sustained 
magnetic field is parallel to the laser beam axis. Two screws 
mounted into the microwave resonator metallic enclosure (not 
shown) and inserted into the cavity allow the fine tuning of the 
resonant frequency to the 87Rb clock transition. 

 
Figure 11 Drawing and assemblage of the μ-LGR containing the 

microfabricated Rb vapor cell. 

B. DR and stability with 3D cell in miniature cavity 
The combination of the μ-LGR and the 3D-cell gave rise 

to a clock signal with a contrast of more than 12% and a 
linewidth of 5.6 kHz (Figure 12), as well as a figure of merit 
(FoM) of 20, (as defined in [24] as 106 Hz · contrast/linewidth 
[Hz]) and a discriminator slope of 23 pA/Hz.  
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Figure 12. DR signal with 3D cell. 

The S/N limited short-term stability is estimated around 
6.6x10-12 at 1 s. The measured short-term stability is  
7.1x10-12 τ-1/2 (1-100 s). This short-term stability is better than 
the best other clocks’ using microfabricated cells [8, 10, 20]. 
The medium- to long-term clock stability is currently limited 
by a relatively strong intensity-light-shift coefficient of the 
cell (2.6x10-10 /%) inducing a  substantial temperature 
sensitivity  of 1.1x10-9 /K. The limit due to the light-shift 
effect is at the level of 8x10-12 @ 104 s (see Figure 13).  

 
Figure 13. Clock short-term stability with 3D cell. 

V. OTHER CURRENT INVESTIGATIONS 
C. Wall-coated cells 
As an alternative to the widely used BG technique for 

increasing the atomic line Q-factor, wall coating remains very 
interesting for highly compact and miniaturized atomic clocks 
[25]. Our current researches focus on ripening process of wall-
coated cells right after cell production [26] and on intrinsic 
properties of tetracontane [27]. These studies are carried out in 
macroscopic (12 mm inner diameter and length) glass blown 
cells in view of a future implementation in microfabricated 
cells. We have shown that the ripening process is mainly a 
consequence of a reduction of polarization losses [28]. These 
losses can be attributed to adsorption on the coating or to 
collisions with uncoated surfaces. 

In terms of clock performance, the wall-coated cells give 
signals with a large contrast (> 30%) and reasonable  
linewidth (< 700 Hz). Measured temperature coefficient of  
1.5 x 10-10 K-1 (comparable to the values found in literature 

[29, 30]) and intensity light shift coefficients below  
1.6x10-12 /% are promising for competitive chip-scale and 
miniaturized clocks. The limitations for a high-performance 
clock using wall-coated cells were studied in [30]. 

D. New miniature clock technologies 
In view of alternative realizations of miniature atomic 

clocks, we finally mention two recent lines of research. A first 
line concerns the development of low-temperature cell sealing 
techniques for micro-fabricated cells. Indeed, the temperatures 
required for anodic bonding (> 250°C) are currently a critical 
issue for the production of wall-coated microfabricated cells. 
An alternative fabrication process based on thin-film Indium 
bonding technique [31] is currently under investigation. This 
process allows sealing temperatures of less than 140°C only. 
A buffer-gas-filled microfabricated cell produced with this 
technique and mounted in a laboratory DR setup provided a 
clock signal with 5.4 kHz linewidth, demonstrating the 
suitability of this sealing technology for clock applications. 
The behavior and aging of the In-bonded cells when operated 
at elevated temperatures (> 60°C), over extended time, remain 
to be studied.  

The second line concerns the development of a micro-
fabricated Rb discharge lamp, as an alternative to laser diodes 
for optical pumping in miniature DR atomic clocks [32]. This 
approach bears the promise of a much simpler and cheaper 
micro-fabricated light source than semiconductor lasers. In a 
first demonstration, a Rb plasma discharge was created in 
micro-fabricated 2D cells as presented in section IV-A. Here 
the radio-frequency drive field is capacitively coupled to the 
plasma using planar electrodes patterned onto the outside of 
the cell. Up to 15 μW of light power emitted on the Rb D2 
line was achieved, which could be used for the optical 
pumping [33]. Work is in progress to improve on this 
performance and to demonstrate optical pumping using this 
micro-fabricated lamp. 

VI. CONCLUSIONS 
We have demonstrated the potential of DR in CW 

operation for Rb cell frequency standards in compact (high-
performance) and miniaturized standards. Two high-
performance clock realizations based on Rb cells with 
different dimensions were presented. The 25 mm diameter 
vapor cell inside a compact LGR exhibits an excellent short-
term stability of < 1.4x10-13 τ-1/2, when operated in laboratory 
conditions (no vacuum enclosure). This clock has a 
fundamental shot-noise limit of 5x10-14 τ-1/2 that could be 
approached by using a laser source with a reduced FM noise 
or by the noise-subtraction technique [13]. In view of 
miniaturized DR clocks, a newly designed microfabricated 
physics package has also been presented. The newly 
developed μ-LGR microwave resonator has a cavity volume 
of < 0.9 cm3 and sustains the required microwave field for the 
clock transition. Our miniaturized DR clock using this μ-LGR 
exhibits a short-term stability of 7.1 x 10-12 τ-1/2 (1 to 100 s).  

The discussed alternative technologies, such as wall-coated 
cell approach, low-temperature thin film Indium bonding 
(allowing process temperatures < 140°C) and micro-fabricated 
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discharge lamps, represent promising approaches to novel 
high-performance or miniature Rb frequency standards. 
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