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ABSTRACT

We present results from an atomic clock that employs a beam of cold 87Rb atoms and spatially separated (Ramsey) coherent population
trapping interrogation of the hyperfine clock transition at 6.834GHz. The cold atomic beam is generated through the use of a 2Dþ-magneto-
optical trap. The interrogation is performed on the D2 line of 87Rb, and the optical fields use a counter-propagating rþ–r� probing scheme.
The use of cold atoms allows for relatively narrow Ramsey fringes even for a small spatial separation between the two interrogation zones
(4.6 cm). The resulting clock has a short-term stability of 3� 10�11=
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.
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An important class of atomic clocks, including commercial
cesium frequency standards, employs a thermal beam of atoms directed
through two spatially separated microwave cavities to measure the
hyperfine clock transition using Ramsey spectroscopy.1 Most commer-
cial frequency standards utilize this technique, and until the advent of
laser-cooled atomic fountains and optical clocks, many national metrol-
ogy laboratories around the world relied on high-performance Cs beam
devices to realize the International System of Units (SI) second.2 Due to
the relatively high velocity of the atoms in the thermal beam and the
size of the microwave cavities, there is a strict trade-off between the
flight tube length and the resonance linewidth. This precludes the use of
such systems as candidates for compact devices.

Recent interest in compact, low power clocks has led to the
increased use of coherent population trapping (CPT) using optical
fields modulated at microwave frequencies, thus eliminating the need
for microwave cavities.3–5 A clock based on Ramsey spectroscopy
obtained using CPT has also been demonstrated with thermal
beams.6,7 In related further work, thermal beams have been used to
perform precision stark-shift measurements with CPT,8 and cold-
atom beams have been used to perform Ramsey spectroscopy with
stimulated Raman transitions.9

Interest in the use of laser cooled atoms for atomic clocks has
grown over the last 10 years, including clocks based on direct micro-
wave interrogation,10 as well as CPT spectroscopy.11–14 Cold-atom

CPT (CA-CPT) clocks provide many advantages over traditional
vapor cell CPT clocks. The performance of vapor cell CPT clocks suf-
fers from long-term frequency instability, due to the high-pressure
buffer gases and light shifts. CA-CPT clocks forego the need for a
buffer gas and as such eliminate any associated shifts, offering poten-
tial performance improvements in terms of accuracy and long-term
frequency stability. The use of cold atoms can also provide a means to
ameliorate the scaling of atomic-beam CPT clocks and provide a path
toward using atomic beams in compact clocks.

Most CPT experiments to date have been performed using D1
interrogation because of the relatively large homogeneous broadening
present in buffer-gas vapor cells.12,15 However, interrogation with the
D2 line is attractive because this can greatly reduce the complexity of
the laser system in a cold-atom clock as a single laser can be the source
for both the cooling beams and the CPT beams. By reducing the com-
plexity of the laser system and eliminating the need for a second laser,
the system is an ideal candidate for a compact low-power device.

The most prominent concern with using the D2 line is a reduc-
tion of CPT signal contrast due to interference of overlapping lambda
systems, caused by the high density of excited states combined with
homogeneous broadening from the buffer gas in vapor-cell clocks.15

By laser cooling Rb, we no longer need buffer gases to enhance the
interrogation time, thereby narrowing the transitions and preventing
interference between adjacent lambda systems.
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Additionally, the high density D2 line states introduce frequency
shifts due to the off-resonant coupling to adjacent states or off-
resonant light shifts.16 These shifts are worse for D2 than D1 interro-
gation because there are more hyperfine excited states present on the
D2 transition than the D1, and they are more closely spaced to each
other. For portable applications where size and power are significant
concerns, increased off-resonant light shifts can be an acceptable
trade-off for the reduction in instrument complexity achieved with a
single laser.

Here, we combine cold-atom technology and the atomic beam
CPT architecture to demonstrate a prototype for a cold atomic beam
CPT clock based on D2 interrogation. Single-pulse and Ramsey CPT
spectroscopy is demonstrated, and the clock is locked to the central
Ramsey fringe at the hyperfine splitting frequency. An early analysis of
the frequency stability of the clock is presented, along with a discussion
of the main systematic biases that limit the long-term stability. Our
use of the cold-atom beam geometry over a 3D magneto-optical trap
(MOT) configuration was motivated by the relative simplicity of the
optics as well as the expected reduced sensitivity to vacuum impurities.

A schematic diagram of the optical setup is shown in Fig. 1. The
experiment uses a single Distributed Bragg reflector (DBR) laser diode
at 780nm, locked to the F ¼ 2! F0 ¼ 1; 3 crossover transition in
87Rb. A tapered amplifier is used to increase the optical power to over-
come the losses of the electro-optic modulators (EOMs) and to enable
the use of a single laser for both the laser cooling and the CPT probe
light.

The laser cooling light is frequency shifted 15MHz red from the
cycling transition (F ¼ 2! F0 ¼ 3) by the use of a double-pass
acousto-optic modulator (AOM). The light is then passed through a
fiber-coupled EOM driven at 6.58GHz to add sidebands at the
repump frequency. Next, the light is directed through a high isolation,
kilohertz bandwidth shutter, which is used to pulse the light for the
magneto-optical trap (MOT) on and off. Most of the cooling light
(�35 mW) is used to create the 2D-MOT in the source section of the
vacuum cell, while a portion (�2–3 mW) of the light is picked off and
directed along the longitudinal axis of the cold-atoms for the 2Dþ-
MOT configuration.17

We have used this benchtop laser system to validate a candidate
architecture that we believe lends itself to small-scale integration of a
future device: The lower graphic of Fig. 1 shows a possible implemen-
tation of the CPT clock laser system in a photonically integrated circuit
(PIC). As the CPT beam clock is operated in a pulsed mode, the PIC
source can be operated dynamically, where the laser is tuned to an
appropriate frequency for laser cooling during the loading of the atom
beam and then jumped to the appropriate offset for CPT during the
state prep and interrogation period. Frequency agility in the laser is
achieved by locking the source to a sideband generated by the leftmost
phase modulator in the diagram, where the laser is locked to the 85Rb
cooling transition, while repump light and the CPT sidebands are gen-
erated with the phase modulator on the right side. Intensity tuning
and shuttering is achieved using an in-PIC optical amplifier and
switch.

FIG. 1. Illustration of the laser and optical
system for the cold-atom beam CPT clock.
Both the cooling and CPT light originate
from a single laser locked with saturated
absorption spectroscopy (SAS). A double-
pass acousto-optic modulator (AOM) is
used to shift the cooling light to the cycling
transition, and another single-pass AOM
is used to shift the CPT light to the interro-
gation transition. Electro-optical modula-
tors are used to add the repump light
sidebands (6.58 GHz) to the MOT cooling
light and to add 6.835 GHz sidebands for
the CPT light. The lower inset shows a
possible implementation of the complete
laser system into a single photonically
integrated circuit.
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The light for CPT interrogation of the atoms is picked off, and
the frequency is shifted by �56MHz to bring it into resonance with
the CPT transition (F ¼ 2! F0 ¼ 2, see Fig. 2). The light is then
passed through a fiber-coupled EOM driven at 6.835GHz—the hyper-
fine splitting frequency of Rb.18 The carrier and the 1st-order sideband
interact with the atomic beam. The microwave power sent to the
EOM is adjusted such that the carrier and 1st-order sidebands have
nominally the same intensity. The light is then passed through a series
of free space optics designed to approximately match the optical path
length between each CPT zone so that the atoms experience equal
microwave phases in the two zones, thus minimizing the end-to-end
phase shift. Both the cooling light and the CPT light make use of
intensity servos, which feed back to the amplitudes of the RF driving
their respective AOMs.

The clock is operated in the pulsed mode to prevent scattered
light from the 2D-MOT and the push beam light from interacting
with the atoms during the Ramsey CPT interrogation. In the pulsed
mode, the mechanical shutter is open for 11ms and closed for 22ms
so that the clock operates at a repetition rate of 30Hz.

Figure 3 shows a schematic diagram of the vacuum system. The
atomic beam is generated in the source cell and propagates into the
interrogation cell. The two glass cells (each about 2 cm� 2 cm� 5 cm)
are connected through a 0.8mm diameter aperture in a silicon plate
that allows the two cells to be differentially pumped by the ion pump
attached to the interrogation cell. The two cells are separated along the
axis of the atomic beam by a gap of about 12 cm. We estimate that
the pressures in the source and interrogation cells are about 5� 10�8

and 10�9 Torr, respectively. The silicon plate at the end of the MOT
also serves as the exit for the atomic beam. The silicon is partially
reflective, and when the push beam is incident on the silicon, a portion
of the light is reflected back to provide some longitudinal cooling of
the atoms. In the source cell, a Rb dispenser generates the thermal Rb
gas which is cooled into a 2Dþ-MOT. Permanent magnets (not
shown) are utilized to generate the 2D anti-Helmholtz field necessary
for the MOT.

Inside the interrogation cell is an in-vacuum reflecting optical ele-
ment, which consists of two highly reflective coated dielectric mirrors
arranged in a configuration of a roof mirror. The retroreflector is
11mm from the centerline of the atomic beam, a distance necessary to

maximize the CPT signal size.19,20 This retroreflecting optic both con-
verts the polarization of the incident light from rþ to r� and provides
counter propagating light, thereby reducing the impact of the Doppler
shift.12 Ramsey spectroscopy is performed in two CPT zones separated
by 4.6 cm within the interrogation cell region of the vacuum system.
This length was chosen to meet a short-term instability target of
10�11=

ffiffiffi

s
p

. The CPT signal is collected using light collection optics
and a photomultiplier tube (PMT) placed above the second zone. An
aluminum parabolic mirror within the vacuum and below the second
CPT zone reflects the fluorescence toward the detection PMT, thus
increasing the amount of collected light. A pair of Helmholtz coils out-
side the vacuum generates a small magnetic field parallel to the propa-
gation direction of the CPT light, necessary to break the degeneracy of
the magnetic sublevels of the atoms. The cell and Helmholtz coils are
enclosed in a single-layer high-permeability magnetic shield to prevent
stray magnetic field gradients from washing out the Ramsey fringe sig-
nal. In the current implementation, magnetic field stability is not a
limiting factor in the performance of the clock, but in practice, we
believe that a two-later magnetic shield will be necessary to achieve
reasonable long-term performance in any environment out of the lab.

To characterize the flux and velocity distribution of the cold
atomic beam, the fluorescence of the atoms passing through a trans-
verse resonant laser beam is measured using the PMT and analyzed
using time-of-flight techniques. The arrival delay of the atom pulse in
the second CPT beam is used to estimate the peak velocity of the atom
distribution, the shape of the transients in the time-of-flight signal
gives access to the width of the velocity distribution, and the size of
the fluorescence signal in the steady state allows for an estimate of the
atom flux. By tuning the push beam power, the peak velocity of
the atomic beam can be changed from �5 m/s to 20 m/s. This gives
the flexibility to fine-tune the Ramsey period of the CPT experiment.
However, as the peak velocity of the atoms is changed, the flux of the

FIG. 2. Energy level diagram of the D2 line in 87Rb showing the rþ–r� transition
used for CPT interrogation.

FIG. 3. Schematic of the vacuum system. The Rb87 atoms are cooled in a 2D-MOT
in the source cell, and the application of the push beam along the longitudinal direc-
tion narrows the velocity distribution and improves the beam flux. The atoms travel
horizontally into the interrogation cell where they interact with the CPT light (“shown
in green”) in two zones separated by 4.6 cm. The first zone creates the dark state,
and the 2nd zone probes the phase of the atomic coherence by reading out the
atoms’ state. Above the 2nd CPT zone are collection optics and a photomultiplier
tube (PMT) that detects the fluorescent light.
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atoms and the width of the velocity distribution also change. A slower
atomic beam typically has a wider velocity distribution, while a faster
atomic beam has a narrower distribution. Additionally, the beam flux
increases with push beam power up to a point, before falling off.

Another important characteristic of the atomic beam is its physi-
cal size. The size of the atomic beam in the interrogation chamber in
combination with the flux directly influences the fluorescence signal.
Given that the typical divergence of an atomic beam generated from a
2Dþ-MOT is �30–40 mrad,17,21–23 the peak velocity of the atomic
beam plays a critical role in determining the size of the beam. If the
atomic beam is too large (i.e., if the atoms travel too slowly), then the
CPT light will be unable to interact with all the atoms and the signal
will be reduced. If the beam is smaller (faster atoms), then the light in
the second zone will be able to address all the atoms and the signal will
be enhanced; however, the Ramsey period will be shorter, and the
resulting fringe width will be wider. This trade-off is not obvious and
is addressed through experimental optimization. It turns out that the
optimal point maximizes the flux and reduces the size of the atomic
beam, meaning that the system will likely optimize itself to a peak
velocity that is faster than what is described for 2Dþ-MOTs previ-
ously.17 As such, for the data presented below, the signal size was opti-
mized, resulting in a flux of 109 atom/s and a peak atomic velocity of
�20 m/s with a longitudinal velocity distribution width of 63 m/s,
with the resulting Ramsey period of TR ¼ 2.3ms. For the values cho-
sen for these experiments, the width of the atomic beam is roughly
�1 cm in the second CPT zone, which is larger than the CPT optical
beam (5mm). For comparison, the NIST F7 cesium beam clock has a
flux of about 5� 108 atoms/s, with a mean beam velocity of 230 m/s.24

A typical single-zone CPT spectrum, obtained in the pulsed
mode by blocking the light in the first CPT zone and measuring the
fluorescence from the second zone, is shown in Fig. 4. To obtain the

signal, the amplified voltage from the PMT is digitized with a 0.1ms
resolution and integrated over a typical period of 10ms, while the
atom pulse flies through the second CPT zone, thus giving the units of
volt second. A contrast ratio (A/B) between the height of the peak (B)
and the CPT feature (A) is �70%; this is comparable to other cold
atom CPT systems that use the 87Rb D1 line for interrogation.14,20

Given this result, we can conclude that the use of cold atoms will elim-
inate most of the CPT contrast problems existing in thermal vapors
interrogated on the D2 line. This is corroborated by the contrast being
comparable between D1 and D2 interrogation.15

Figure 5 shows Ramsey fringes measured using the apparatus
operating in the pulsed mode with no averaging. The fringe spacing is
given by the Ramsey period, while the number of fringes is determined
by the width of the velocity distribution. The fringe width of �200Hz
agrees with the measured peak velocity (�20 m/s) of the atomic beam,
and the appearance of more than 14 fringes implies a relatively narrow
velocity distribution. The experiment was optimized for short-term
stability. While we are able to obtain narrower fringes and higher Q
with different parameters, the reduction in the signal-to-noise results
in a net decrease in clock performance. In the current implementation,
the absolute difference between the clock’s center frequency and the
accepted value is at most a few Hertz.

An Allan deviation of the frequency instability recorded using an
H-maser referenced synthesizer locked to the atomic resonance by
alternately probing the sides of the central fringe is shown in Fig. 6.
The short-term stability of the clock is typically 3� 10�11=

ffiffiffi

s
p

and
reaches a noise floor of 5� 10�12. Analysis of the clock noise shows
that the short term is dominated roughly equally by laser frequency
noise and laser intensity noise. Other much smaller noise contribu-
tions include atom shot noise (<1� 10�12=

ffiffiffi

s
p

), photon shot noise
(<1� 10�13=

ffiffiffi

s
p

), and local-oscillator noise (<3� 10�13=
ffiffiffi

s
p

).
Full understanding of the long-term performance of the clock is

the subject of on-going work, but there are three significant effects that
currently dominate the long-term performance. First, the drift of the
clock that limits the long-term stability strongly correlates with the

FIG. 4. Single zone CPT fluorescence signal taken in pulsed mode operation with
no averaging. The fluorescence contrast, A/B> 70%, shows that nearly complete
dark states can be obtained for D2 interrogation through the use of cold atoms as
opposed to previously reported low contrasts observed in vapor cells.15 This mea-
surement was made by holding the carrier frequency of the CPT light locked to the
F ¼ 2! F0 ¼ 2 optical transition, while the EOM modulation frequency is
scanned. The inset shows a blowup of the central feature, showing the clock transi-
tion surrounded by two magnetically sensitive CPT transitions.

FIG. 5. Ramsey spectrum collected in the pulsed mode, with no averaging. Analysis
of the fringes reveals a signal to noise ratio (SNR) in a 1 Hz bandwidth of 140. The
magnetically sensitive transitions shown in Fig. 4 are detuned by �100 fringe enve-
lope linewidths from the F ¼ 0! F0 ¼ 0 Ramsey spectrum in this plot and play no
significant role in distorting or shifting the F ¼ 0! F0 ¼ 0 resonance.
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drift in the background Rb pressure in both the source and the interro-
gation cell, which has not been stabilized in the current clock imple-
mentation. Second is the end-to-end phase shift: Precise alignment of
the optics is needed to match the path length of the two CPT beams,
and while any imperfections in this alignment would only impart a
fixed frequency offset to the clock output, temperature and environ-
mental instabilities can cause the offset to fluctuate, resulting in long-
term instability. By carefully aligning the optical beam paths and by
stabilizing the external temperature, we have minimized the instability
from the end-to-end phase shift. Given a path length difference
of <1 cm between the two CPT arms and periodic lab temperature
fluctuations of <1 �C, we estimate an upper bound for the end-to-end
phase shifts at the 1� 10�13 level on time scales of a few hundred sec-
onds, which is lower than the long-term instability that we observe.
This effect can be reduced with more careful alignment of the optics.
Third is the off-resonant light shifts: as discussed in the beginning of
this letter, the use of the D2 line for the CPT interrogation results in
larger calculated shifts than for D1 interrogation due to the large num-
ber of closely spaced hyper-fine excited states. By measuring the clock
frequency vs the laser detuning and modulation index, we have esti-
mated an upper bound on the long-term instability from light shifts of
<1� 10�12. Given the dominant instabilities in the background Rb
density and associated frequency instabilities, we have not performed
more precise measurements of the light-shift effects thus far.

The combination of a classical thermal-beam atomic clock archi-
tecture and cold atoms into a cold beam Ramsey CPT clock is a unique
platform for further development of compact atomic-clocks. While
the current performance of the clock, short term frequency stability
of 3� 10�11=

ffiffiffi

s
p

averaging down to 5� 10�12 at 100 s, is not

competitive with more well studied vapor-cell clocks, the current
results indicate that the clock’s performance is limited by the specifics
of the experimental implementation, including pressure drifts of the
atom source, imperfections in the CPT optical implementation, and
technical noise on the lasers, rather than fundamental physics.
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