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Abstract—We have studied the light shift in coherent population
trapping (CPT) atomic clocks under full band modulation (FBM)
and under half band modulation (HBM). The theoretical results
show that the light shift under FBM is only 1/4 of the light shift
under HBM. Our experimental results confirm the theoretical
results. Therefore, we can easily improve the stability of CPT
clocks by replacing HBM with FBM.

L INTRODUCTION

Coherent population trapping (CPT) resonance in alkali
atoms has been well known in recent years. It is generally
observed through the coherent excitation of the atomic
ensemble by means of two laser fields coupling the two
hyperfine components of the ground-state to a common
excited state. When the frequency difference of the two laser
fields exactly equals to the atomic ground-state splitting, the
atoms are coherently trapped in the ground-state and they
cannot interact with the laser field any more. Hence no atoms
are excited and the atomic ensemble becomes transparent for
the laser field.

Now the CPT phenomenon has been widely used, one of
its applications is atomic clock [1]-[3]. When CPT
technology is adapted in the atomic clock, it is possible to
substantially miniaturize the physics package to realize a chip
scale atomic clock (CSAC). In a typical modulated CPT
atomic clock, a vertical-cavity-surface-emitting laser
(VCSEL) is modulated by a local oscillator (LO) with a
frequency equaling to half of the atomic ground-state splitting.
This modulation makes the single mode light of the laser into
a comb of optical sidebands. The two first-order sideband of
the laser are used to excite the CPT resonance, which is
detected by monitoring the optical power of the laser field
absorbed or transmitted by the atoms as a function of the
frequency difference between the two first-order sideband.
We call this method as half band modulation (HBM).
Compared to it, there is another method to modulate the
VCSEL in the CPT clocks. The laser is modulated by LO
with a frequency equaling to the atomic ground-state splitting,
the carrier and one of the first-order sideband of the laser are
used to excite the CPT resonance. We call this method full
band modulation (FBM).
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Due to the interaction between the atom and the laser field,
the energy levels for the clock transition are shifted, which is
called light shift. The light shift is one of the factors limiting
the long term stability of the CPT clock. There are some
methods proposed to reduce the light shift in the CPT clock.
It was shown that the light shift can be cancelled out by an
appropriate index of modulation for the laser [4]. The basic
reason behind the canceling is that the carrier and first two
order band cause positive light shift while the other sidebands
all cause negative light shift. However, it is impossible to
keep the modulation index unchanged for long time. Light
shift will come out after a certain period. It was demonstrated
a technique to continuously correct the light shift [5].
However, this technique makes the atomic clock system
complicated and gives rise to new instable factors. Therefore
this technique is not suitable for fabricating a low cost clock.

We calculate the light shift under two ways of realizing
modulated CPT clock. We find that the light shift under FBM
can be only 1/4 of the light shift under HBM, while the
conditions for light shift canceling point are the same for the
two ways. The experiment results confirm the calculation
results. It means that by using FBM we can improve the long-
term stability of the CPT clock.

II.  THEORY

Due to interaction between the atom and the laser field,
energy levels for the clock transition are shifted (light shift).
The light shift is one of the factors limiting long term stability
of the CPT clock. Based on the three-level system theory [6],
the light shift of a ground-state hyperfine level i (i=1, 2) is
given by
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Here I is the decay rate of the excited state; @), is the
Rabi frequency of @), as shown in figure 1. It is assumed that

the decay from excited state to each ground-state is r'/2.
A is the detuning of the laser field frequency relative to
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central frequency of the optical transition resonance. The
observed shift of the hyperfine splitting frequency is
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Figure 1. Three-level system considered. State |e> corresponds to the first

excited state of the alkali atom.

In the CPT clocks, since there is a comb of optical
sidebands in the laser spectrum, the total light shift should
include interaction of all the optical frequency components
with the two transitions. For simplicity, we assume that
the J, ’s give the amplitude of the sidebands. When the HBM

is applied, the resultant clock frequency shift is [4]
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In this calculation, it is assumed that A is much smaller than
the ground state hyperfine splitting frequency, @), (3.0GHz for
%Rb and 6.8 GHz for *'Rb). There is another approximation
that the sidebands separation @),/2 is very large compared to

the line width of the optical resonance r. Using the same
method with FBM, the result becomes
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Comparing this to Eq. (3), we see that the light shift under
FBM is only 1/4 of that under HBM. This result can be easily
explained, as the off-resonance light is far from resonance in
the FBM. From this point of view, light shift under FBM in
Rb is almost the same as light shift under HBM in *’Rb. If
FBM is applied to *’Rb, light shift will only be 1/4 of that
under HBM.

The theoretical calculations show that when the
modulation index is 2.4, the light shift given by Eq. (3) and
Eq. (5) can be cancelled [4, 7]. However, the long term
stability of modulation index should be considered. The RF
power directly decides the sideband power distribution.
Besides that, there are also other factors, which can change
due to laser aging, external environmental fluctuations, laser
current and so on. The modulation index will change after a
certain period. This is because the laser impedance, external
temperature, and laser current cannot be kept constant.
Therefore, we cannot keep the light shift at zero. From Eq. (3)
and Eq. (5) it can be seen that the HBM scheme is more
sensitive to small variation of modulation parameters.
Furthermore, a modulation index of 2.4 is not a good
operating condition. For some VCSELs, the clock does not
operate under this modulation index. Therefore it is necessary
to use the FBM to obtain good long term stability.

We also find that under the HBM, the two sidebands used to
excite CPT are always very disequilibrium [8], which will
decrease the contrast of CPT signal since CPT is an interfere
effect. When the FBM is applied, the two sidebands used to
excite CPT can be adjusted to improve the signal quality of
the CPT resonance. Therefore when the FBM, rather than the
HBM, is used, we can also obtain better short term stability.

III. EXPERIMENT

We did experiment to prove the above analyses. Figure 2
shows the experimental setup to measure the light shift. The
setup is the same as described in Ref. 9. The VCSEL drive
current is 1.2mA, with which the laser frequency is on the
absorption spectrum of ®Rb D1 line. A bias-tee is used to
couple the VCSEL injection current and RF, which comes
from an analog signal generator. The signal generator is lock
on a cesium atomic clock. When the RF is on, a substantial
fraction of the laser power will be transferred to the sidebands
from the carrier band.
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Figure 2. Sketch of the experimental setup for measuring frequency of CPT
resonance.

The laser beam is circularly polarized and attenuated; the
beam diameter was 3mm at the entrance to the vapor cell
which is 4cm long and 2.5 cm in diameter containing a natural
mixture of Rb with 19 mBar of Ne and 16 mBar of Ar. The
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cell is temperature controlled at 25°C and magnetically shield.
The RF generator is frequency modulated and the error signal
(generated by a lock-in amplifier) is monitored.  The
frequency of the RF generator is adjusted, and when the error
signal is zero, the frequency of the RF generator is the CPT
resonance frequency.

We modulated the VCSEL under 1.5GHz and 3.0GHz in
the experiment, and measured the light shift at a modulation
index of approximately 1.7. This modulation index is the case
for a real clock. For this modulation index, the carrier is equal
to the larger one of the first-order sideband. Under this
modulation index the first-order band is at its maximum. The
overall intensity of the laser was adjusted by changing the
neutral-density filter attenuator in front of the cell. The light
shift under the two cases as a function of total light intensity
entering the cell is plotted in Fig. 3.
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Figure 3. Frequency shift of CPT resonance as a function of the light
intensity under FBM (circles) and under HBM (squares). The solid curves
are fits to Eq. (3) and Eq. (5).

It can be seen that the light shift is nearly linear with the
light intensity and light shift under FBM is about 1/5 of the
light shift under HBM. This is slightly different from the
theoretical result due to the disequilibrium of the two laser
fields under HBM. When the RF is 1.5GHz and the
modulation index is 1.7, the intensity ratio of the two
sidebands is about 3:1. For a light intensity of 50uW/cm’, a
change of 2% in light intensity will cause an instability of
2.6%¥10"" under FBM (compare with 1.3*10"° under HBM).
For the FBM case the slope is approximately 0.06Hz/pW/cm?,
compared to a slope of 0.3Hz/uW/cm® in Ref. 10 where the
intensity ratio of the two laser fields is adjusted to be 0.3.

IV. CONCLUSION

In conclusion, the performed theoretical and experimental
comparison of FBM and HBM for CPT excitation has shown
that using FBM significantly reduces the light shift. The
results will be useful for the implementation of CPT atomic
clocks - for improving their frequency stability and for their
simplification and miniaturization.
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