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Abstract—Laser-cooled atoms and coherent population 
trapping (CPT) are promising tools for realizing a compact 
microwave frequency reference with excellent stability. To realize 
a high performance device, it is necessary to understand and 
minimize all sources of technical noise. Here, we investigate the 
role of laser frequency noise in cold-atom CPT with an apparatus 
based on the grating magneto-optical trap (GMOT). We compare 
the performance of our setup with an external cavity diode laser 
(ECDL) and a distributed feedback diode laser (DFB). With the 
DFB, laser frequency noise is one of the dominant noise sources in 
our system. With the ECDL, it is significantly reduced. We also 
report frequency stability measurements of our apparatus with a 
short-term Allan deviation y () ≈ 310-11/τ up to  = 10 s. 

Keywords—Coherent population trapping, laser cooling, cold-
atom clock, microwave frequency standard.  

I. INTRODUCTION 

Over the last three decades, microwave frequency references
based on hyperfine transitions in laser-cooled atoms have 
achieved stability below 110-13/τ with the ability to average 
down to the level of a few times 10-16 [1]. The majority of cold-
atom microwave frequency references utilize a microwave 
cavity to probe the atomic resonance. This approach works very 
well, but the use of a cavity also imposes constraints on the size, 
optical access, and environmental sensitivities of these systems. 
These constraints can be exchanged for a different set of 
challenges by use of coherent population trapping (CPT). In 
CPT, the microwave atomic coherence is optically pumped by 
use of a bichromatic laser [2],[3]. This approach has enabled 
compact physics packages in clocks based on thermal atoms 
[4], and it is a promising route to explore for compact devices 
based on laser-cooled atoms [5]-[9].  

It is straightforward to come up with examples where an 
ideal cold atom CPT clock could achieve a stability on the order 
of 10-13/τ. For example, a system with quantum projection 
noise limited detection of N = 107 atoms, an interrogation time 
of T = 15 ms, and a cycle time of 100 ms would have an 
expected short-term stability of y () ≈ 210-13/τ [10]. In 

practice, it is challenging to reach these hypothetical stabilities. 
For comparison with experiment, a cold atom CPT system has 
recently achieved a short-term stability of y () ≈ 1.310-11/τ 
[9]. In pursuit of the long-term goal of realizing a cold atom 
CPT system with a stability on the order of 10-13/τ, it is 
interesting to study the limits to the signal-to-noise ratio (SNR) 
in these systems. One important limit to the SNR in many 
atomic sensors is laser frequency noise [7]-[14]. Here, we study 
the role of laser frequency noise in our cold-atom CPT 
apparatus and show that we can achieve a short term stability 
of y () ≈ 310-11/τ up to  = 10 s. 

II. APPARATUS

In order to investigate the achievable performance with cold 
atoms and CPT, we employ an apparatus that combines a 
compact magneto-optical trap formed by an optical diffraction 
grating (GMOT) [15] with linlin CPT [16]-[19]. Our system 
has been described in [20]-[22], and it is shown schematically 
in Fig. 1. We realize a CPT resonance on the D1 line of 87Rb 
using the F = 2 excited state. The light used to excite the 
resonance is obtained by splitting the light from one laser into 
two paths. In one path, the light is modulated by an electro-optic 
modulator (EOM) driven at a frequency fEOM ≈ 7.0 GHz. In the 
other path, the light is frequency shifted by an acousto-optic 
modulator (AOM 1) driven at a frequency fAOM ≈ 0.2 GHz. The 
beams are recombined on a polarizing beam splitter (PBS), and 
directed through a second AOM (AOM 2). After this second 
AOM, the frequency shifted beam from AOM 1 and the first-
order EOM sideband form a pair of resonant, orthogonally-
polarized laser modes with a frequency difference close to the 
hyperfine splitting of 87Rb. The combined beam also contains 
other off-resonant laser sidebands from the EOM. The laser is 
stabilized using a saturated absorption spectrometer (SAS) 
which incorporates a third AOM to make the lock point tunable 
[20] (not shown in Fig. 1).

With this approach, we are able to implement the linlin 
CPT scheme with a single laser source. This is an advantage for 
our long-term goal of developing a compact device, but this 
approach also introduces a significant source of phase noise due 
to the separated paths of the two CPT components [23]. In order 
to suppress this phase noise, we implement a phase-locked loop 
(PLL) by detecting the phase of the beatnote between the light 
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from AOM 1 and the first-order sideband from the EOM and 
feeding back to our EOM driver. The implementation of the 
PLL is described in more detail in [22].  

We obtain a clock signal with a Ramsey CPT sequence [5]-
[9],[16]-[18] that consists of a MOT loading stage, followed by 
a first pulse to optically pump the atoms into a dark state, then 
a free evolution time with duration T and, finally, a second read-
out pulse. For the experiments described here, the MOT was 
loaded for about 70 ms, and an estimated steady state atom 
number of N  9106 was achieved by recapturing the cold 
atoms from cycle to cycle [6],[22],[24]. The pumping and read-
out pulses were both 0.3 ms long. The EOM was driven so that 
there were approximately equal powers in the carrier and the 
first order sidebands, and the powers of the two linlin CPT 
components were approximately equal. The peak intensity of 
each single optical frequency component driving the CPT was 
approximately 0.2 mW/cm2.  

In the Ramsey CPT sequence, the relative phase between 
the local oscillator (LO) and the atomic coherence manifests as 
an optical pumping transient at the beginning of the read-out 
pulse [3]. If the LO is in phase with the atomic coherence, the 
atoms are still in the dark state, and so there is no optical 
pumping. However, if the LO is out of phase with the atomic 
coherence, the atoms will be in a bright state and they will be 
optically pumped back to the dark state. We detect these optical 
pumping transients using a double-ratio technique to suppress 
laser intensity noise [6]-[8]. For the first ratio, we split the 
combined beam on a non-polarizing 50/50 beam splitter 
(NPBS). One output from the splitter is detected on a 
photodiode (PD 1), while the other beam propagates through 
the cold atoms before being detected on a second photodiode 
(PD 2). By taking the ratio of these two signals, we measure the 
transmission of the atoms. For the second ratio, we take 
advantage of the transient nature of the Ramsey CPT signals. In 
particular, we integrate the transmission for 28 μs at the 
beginning of the read-out pulse and divide it by the integrated 
transmission after the optical pumping transient has settled.  
This second ratio helps to cancel out noise that is not correlated 
between the two photodiodes.  

By scanning the EOM frequency, we are able to quantify 
the characteristics of our CPT resonance and observe Ramsey 
fringes. With a single CPT pulse and both CPT components on  
optical resonance, the peak absorption is about 2%. The 
contrast of the mF = 0 CPT resonance was greater than 50% 
(with respect to the maximum one-photon optical absorption). 
After optimizing the upgraded system described below, we 
have obtained CPT contrasts of about 75%. Examples of 
Ramsey fringes obtained in our apparatus are shown in Fig.  2. 

For this study, we compared the performance of our 
apparatus with two lasers: a frequency-stabilized laser head 
[25] developed at the Université de Neuchâtel based on a 
distributed feedback diode laser (DFB) and a commercial 
external cavity diode laser (ECDL). The DFB had a measured 
free-running linewidth of 2.4  0.9 MHz (full width at half 
maximum, FWHM). The ECDL had a specified RMS 
frequency noise of less than 150 kHz for the stabilized laser, 
which corresponds to a FWHM of 350 kHz for a Gaussian 
lineshape [26]. A beatnote between the two free-running lasers 
had a linewidth of 3.1  0.7 MHz and an analysis of the 
stabilized ECDL frequency noise spectrum [27] estimated an 
ECDL FWHM of about 250 kHz in reasonable agreement with 
the specifications (neglecting the modulation described below). 
The time scale for the measured linewidths was 1 ms or longer. 
In the CPT experiments, both lasers were current modulated to 
obtain the spectroscopy signals used to stabilize the laser 
frequency. The DFB was modulated at a frequency of 50 kHz 
while the ECDL was modulated at a frequency of 250 kHz. The 
modulation depth was not measured for this initial noise study, 

 
Fig. 1. A schematic diagram of our apparatus. By moving the beam block, 
we are able to switch between the two laser sources. Only one of the lasers 
is used at a time. The two lasers were coupled into a common single-mode 
fiber before the first PBS shown in the diagram in order to ensure the beam 
paths were the same for both lasers. By engaging or removing the phase-
locked loop (PLL) feeding back to the EOM driver, we are able to measure 
the effects of the phase noise due to the separated optical paths. The 
frequency difference between the driver for AOM 1 and the EOM is f, 
and PD denotes photodiodes. 

 

Fig. 2. Examples of T = 1 ms Ramsey fringes measured in our apparatus 
with both the DFB and the ECDL lasers. For the DFB, the fit amplitude 
(peak-peak) is a = 2.24  0.0410-3. For the ECDL, a = 2.88  0.0410-3. 
The central fringe offset is about 40 Hz, dominated by the quadratic 
Zeeman shift for the relatively large bias field of B ≈ 260 mG used for these 
measurements. The average value of the double-ratio signal is mostly set 
by the durations of the integration regions. For these data, the signal region 
at the beginning of the detection pulse was 28 μs long, and the 
normalization region near the end of the detection pulse was 100 μs long. 
Each point corresponds to the transmission of a single sample of cold 
atoms from one run of the experiment.  



but measurements after the study and on similar laser systems 
indicate that the modulation depth was greater than 1 MHz 
(peak to peak) for both lasers. In future work, we plan to 
investigate the contributions of intrinsic laser noise and the 
characteristics of the frequency modulation in more detail.  

With the set up shown in Fig. 1, it was straightforward to 
measure CPT signals with both lasers. We found that the DFB 
laser produced a broadening of the optical absorption line and 
a decrease in the peak absorption, which is expected when the 
laser linewidth becomes comparable to the linewidth of the 
atomic transition [11]. As a result, the DFB laser produced 
Ramsey fringes with a lower amplitude then the ECDL. For the 
data shown in Fig. 2, the fringes were measured approximately 
1 hour apart, and the fringes produced with the DFB laser were 
30% smaller than the fringes with the ECDL. 

III. LASER FREQUENCY NOISE IN COLD-ATOM CPT 

In order to explore the influence of laser frequency noise in 
our apparatus, we measured the noise on our Ramsey fringe 
signal as a function of the optical detuning of the CPT-driving 
light. In this configuration, the two CPT-driving frequency 
components are detuned from optical resonance by a common 
offset while the frequency difference between the two 
components is still nearly equal to the hyperfine splitting. The 
optical detuning was varied by changing the drive frequency of 
the AOM in the SAS used to lock the CPT laser. We also 
measured the noise at different phases of the Ramsey fringe in 
order to probe the contribution of different noise sources [7]. 
By measuring the noise at the top of the Ramsey fringes where 
the atomic coherence is in phase with the CPT light, we were 
able to quantify the effect of laser frequency noise on the 
scattering that occurs due to finite CPT contrast. By measuring 
the noise at the bottom of the Ramsey fringes, we were able to 
probe the effect of laser frequency noise on the optical pumping 
transients. Finally, by measuring the noise on the side of the 
Ramsey fringes, we were able to see the effect of the phase 
noise due to the separated paths in Fig. 1.  

We determined the noise floor for these measurements by 
running the experiment without any cold atoms [7]. This 
technical floor is due to a combination of the noise of the 
detection electronics, photon shot noise, and laser intensity 
noise that is not cancelled out by the double ratio [7]. 
Measurements of the noise floor as a function of the optical 
detuning show that it is well approximated by a flat line over 
the range of interest here. Repeated measurements suggest the 
uncertainty in the floor is about 5%. The technical noise floor 
measured with the DFB and the ECDL differed by 8%. For the 
noise measurements with cold atoms, we chose to work with    
T = 1 ms Ramsey fringes to maximize the signal amplitude and 
minimize the importance of the technical noise floor. 

We quantified the noise by running the experiment at four 
two-photon detunings, controlled by the EOM frequency, 
which corresponded to the top, bottom, and left and right sides 
of the Ramsey fringes. For each fringe position, we repeated the 
experimental sequence approximately 120 times and calculated 
the standard deviation of the measured signals. Then, we 
repeated this process several times for each optical detuning. 

The results of our initial measurement campaign with the two   
lasers are summarized in Figs. 3 (DFB) and 4 (ECDL). For this 
initial study, the PLL in Fig. 1 was not implemented. To plot 
the measured noise () in sensible units, we normalize it by the 
Ramsey fringe amplitude (peak-peak) on resonance (A0). For a 

 
Fig. 3. Measured noise () with the DFB as a function of the optical 
detuning and the Ramsey fringe position with T = 1 ms, normalized to the 
fringe amplitude near resonance (A0). The noise is estimated as the 
standard deviation of 120 runs, and the error bars are estimated by 
repeating this 7 times for each point. The solid line indicates the noise floor 
measured without cold atoms, while the dashed line represents a fit of (2) 
to the noise measured at the top of the fringe. The best fit parameters are 
α/A0 = 24.5  1.3 MHz2,  = 10.8  0.3 MHz and  = 0.79  0.03  MHz. 
The uncertainties were estimated by the nonlinear least squares fitting 
routine. 

 
Fig. 4. Measured noise () with the ECDL as a function of the optical 
detuning and the Ramsey fringe position with T = 1 ms, normalized to the 
fringe amplitude near resonance (A0). The noise is estimated as the 
standard deviation of 120 runs, and the error bars are estimated by 
repeating this 7 times for each point. The solid line indicates the noise floor 
measured without cold atoms, while the dashed line represents a fit of         
(2) to the noise measured at the top of the fringe. The best fit parameters 
are α /A0 = 0.9  0.1 MHz3,  = 6.7  0.2 MHz. The uncertainties were 
estimated by the nonlinear least squares fitting routine 



full accounting of the SNR, it is important to remember that the 
Ramsey fringe amplitude also decreases as the optical detuning 
is moved away from resonance. 

Looking at Figs. 3 and 4, one can see several interesting 
points of comparison between the two datasets. First, consider 
the noise measurements on the top of the Ramsey fringes. With 
both lasers, we see an m-like shape [28] that is characteristic of 
laser frequency noise converted to amplitude noise [11],[28]. 
Although this conversion is a non-linear process [11], it can 
often be modeled by treating the laser frequency noise as a 
small fluctuation in the optical detuning and Taylor expanding 
the atomic response [12]-[14]. We apply these ideas in this case 
by fitting our top of the fringe measurements to a function built 
from derivatives of a Lorentzian absorption line. The 
Lorentzian is parameterized as 

 𝐿() =
 ( / )

 

where  is the optical detuning,  is an overall amplitude and  
is the FWHM. Following a suggestion by E. Rocco et al. [14], 
we fit the noise measurements to a function of the form  

 𝜎 = 𝜎 + 𝜎 + 𝜎 /2 

where 0 represents a noise floor that is unrelated to laser 
frequency noise, and  represents the fluctuations in the laser 
frequency. In principle, it should be possible to calculate   by 
combining a measurement of the laser frequency noise power 
spectrum with knowledge of how the converted frequency noise 
is filtered by the photodiode bandwidth and the detection 
windows [12]. Here, we treat , , and   as free parameters 
while the noise floor 0 is constrained to the measured technical 
noise floor. 

As shown in Figs. 3 and 4, this model provides a good 
description of the data. However, it is necessary to use some 
care in the fitting procedure due to couplings between the 
parameters. In particular, only the second derivative term 
makes a distinction between  and . The contribution of the 
second derivative term also falls away rapidly as a function of 
 so that it is mainly significant near  ≈ 0, which means it is 
hard to distinguish from the noise floor, 0. In the case of the 
DFB, we concluded that the large increase in noise above the 
no-atoms noise floor is mainly due to the increased frequency 
noise of the laser, and this makes it possible to fit the second 
derivative term directly. For this fit, we fixed 0 at the measured 
technical noise floor and fit the remaining two terms in (2) to 
produce the curve shown in Fig. 3. For the ECDL, the data near 
resonance is close to the technical noise floor, which means the 
third term in (2) cannot be fit reliably. In this case, we can fit 
the first derivative term in (2) by treating the product 𝛼 as a 
single parameter. The noise floor 0 can either be fit or fixed at 
the measured noise floor without much effect on the results. 

Given the success of the fit function in (2) for the top of the 
fringe data, it is natural to try to identify the frequency 
discriminator responsible for frequency noise conversion in this 

case. One natural candidate to investigate is the residual 
absorption on the CPT resonance. Preliminary measurements of 
the absorption on the CPT resonance as a function of the optical 
detuning are consistent with the noise model fits, but more work 
is needed to confirm this connection.  

We now turn to consider the data on the bottom and side of 
the Ramsey fringes. Here, our analysis is more qualitative in 
character. On the bottom of the Ramsey fringes, the measured 
noise also shows an m-like shape, which is similar to the top of 
the fringe noise data for both the DFB and the ECDL. There is 
clearly more noise on the bottom of the fringe compared to the 
top, which suggests that there is another path for laser 
frequency noise conversion. We plan to investigate this in more 
detail in future work. With the ECDL, the measurements near 
resonance suggest that there is another source adding noise to 
the bottom of the fringe. After some investigation, we found 
that the increase in noise at the bottom of the fringe near zero 
optical detuning was due to atom number fluctuations driven by 
an intensity instability in the MOT light.  

On the side of the fringe, we see a clear difference between 
the two lasers. With the DFB, we see something like the m-
shape that is present on the top and bottom of the fringe, which 
suggests laser frequency noise also plays a role in this case. 
With the ECDL data, there is no sign of laser frequency noise 
conversion on the side of the fringe. Our interpretation is that 
the noise is dominated by the phase noise due to the separated 
paths in this case. If we divide the measured noise by the 
Ramsey fringe amplitude as a function of the optical detuning, 
we find that the SNR on the side of the fringe is nearly 
independent of the optical detuning as expected for phase noise. 

There is one detail to note about the DFB data which is not 
shown in Fig. 3. With the DFB laser, there was a significant 
asymmetry in the noise measurements made on the left and 
right sides of the Ramsey fringe. A smaller asymmetry may also 
be present in the ECDL data, but it is not distinct from the 
estimated measurement uncertainty. As shown in Fig. 3, the 
asymmetry nearly vanishes when the noise measurements from 
the left and the right side are averaged together. Near the peak 
in the measured noise curve, the difference between the left and 
the right side was about 25% of the average noise. The source 
of this asymmetry is unknown. One possible explanation is that 
some of the phase noise is actually due to laser frequency noise, 
which is converted to phase noise by the mismatched optical 
paths in Fig. 1 [23]. In this case, there could be a coherence 
between the phase noise and other sources of frequency noise 
conversion, which would lead to either constructive or 
destructive interference depending on the slope of the Ramsey 
fringe. 

After this initial noise assessment, we made several 
improvements to our apparatus to reduce the noise. In 
particular, we implemented the PLL described in [22] to reduce 
the phase noise, improved the stability of the MOT light to 
reduce the atom number noise, and improved the detection 
system to reduce the technical noise floor. After these upgrades, 
we repeated the measurement of noise versus fringe position 
and optical detuning with the ECDL and obtained the results 
shown in Fig. 5. We see significant reductions in the noise 



compared to the original measurement in Fig. 3. The reductions 
in noise at the bottom and side of the fringe were expected from  
the upgrades. The reduction in noise at the top of the fringe is 
consistent with the measured reduction in the scattering on the 
CPT resonance. This reduction is due to a decrease in the total 
absorption (due to a smaller number of atoms, which is due to 
less power in the MOT beam) and an increase in the CPT 
contrast due to an improved optimization of our system.  

IV. STABILITY MEASUREMENTS 

In order to probe the stability of the apparatus, we have also 
measured the frequency stability of the central Ramsey fringe 
with T = 10 ms. The results are summarized in Fig. 6. In the two 
laser measurement campaign, we found that with the ECDL 
(DFB), the short-term Allan deviation was y () ≈ 6.310-11/τ 
(1010-11/τ) up to  ≈ 10 s. After implementing the upgrades 
described in the previous section, we obtained a short term 
Allan deviation of y () ≈ 3.010-11/τ. With the upgraded 
system, we are also able to integrate down a little bit more. This 
is due to the addition of the PLL in Fig. 1 and improvements in 
managing the influence of variations in the magnetic 
environment on the cold atoms.  

Our current system is unshielded, which means magnetic 
gradients and 50 Hz noise are significant problems. These 
imperfections can be suppressed by operating with a relatively 
large magnetic bias field of about 260 mG. For the 
measurement with the upgraded system in Fig. 6, we reduced 
the dc magnetic bias field to about 100 mG. By synchronizing 
the experiment with the mains power frequency to suppress the 
influence of 50 Hz noise, we were able to achieve SNR ≈ 45 in 
a single shot at T = 10 ms with the lower magnetic bias field. In 

this configuration, the measured noise was within 20% of the 
technical noise floor at all three fringe positions.  

 We are currently investigating the sources of instability 
around y ≈ 110-11. The two most likely candidates are 
magnetic field variations and Doppler shifts. These can be 
suppressed by adding a magnetic shield to the experiment and 
by retro-reflecting the CPT beam [6].  

V. CONCLUSIONS 

We have identified several contributions to the SNR in our 
apparatus by varying the optical detuning and the Ramsey 
fringe position. Building on the results obtained through this 
noise assessment, we have achieved an SNR ≈ 80 on the side of 
the T = 1 ms fringes. The limits to the SNR in the upgraded 
system are currently under investigation. The different shapes 
of the noise curves between the side of the fringe and the top 
and bottom of the fringe shown in Fig. 5 suggest it is unlikely 
that the conversion of laser frequency noise to amplitude noise 
is the dominant limit to the SNR in this case.  

Alongside this initial noise characterization, we have also 
quantified stability of our apparatus and measured a best case 
stability of y () ≈ 3.010-11/τ to an averaging time of 10 s. In 
the short term, we hope to improve the stability of our apparatus 
at averaging times longer than 10 s by implementing a magnetic 
shield and retro-reflection [6]. In the long term, we plan to 
continue to improve the SNR towards the quantum projection 
noise limit and develop a compact, cold atom CPT clock.  
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