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Adiabatic Passage Based on the Calcium Active Optical Clock *
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We propose a new application of the optical adiabatic passage effect for the excitation of a thermal atomic beam,
which will be used in the calcium active optical clock to produce population inversion. A comparison between the
optical adiabatic passage effect and the Rabi 𝜋 pulse is investigated, 99% of the calcium atoms in the atomic beam
that has a wide velocity distribution will be excited to the upper state for population inversion using the adiabatic
passage, while 76% at most will be excited to the excited state using the 𝜋 pulse with suitable parameters.
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For many purposes it is desirable to produce sam-
ples of atoms or molecules whose the population re-
sides almost entirely in a particular excited state.
There are two well-known procedures which can, in
principle, produce complete population transfer in an
ensemble of two-state atoms or molecules,[1] one is the
𝜋 pulse that makes use of Rabi population oscillations,
and the other one is the adiabatic passage.
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Fig. 1. The laser beam and two atomic trajectories, (1)
resulting in Rabi oscillations, (2) resulting in an adiabatic
passage.

The pioneering works concerning adiabatic passage
were performed in nuclear magnetism to achieve popu-
lation inversion of a spin system.[2] In 1968, it was sug-
gested that this technique could also be used in the op-
tical regime,[2] and the first application of this method
in the optical domain was realized in Ref. [4] to invert
the population of NH3 molecules. Ever since, a mul-
titude of different adiabatic passage techniques have
been proposed and successfully realized. Examples
can be found in atoms and molecules,[5,6] the popula-
tion of selected Rydberg states,[7] in atomic de Broglie
wave optics,[8,9] and subrecoil laser cooling.[10,11]

In this Letter, we will investigate another new
application for population inversion in the atomic
beam, which will be used in the calcium active optical
clock[12] to produce population inversion. As shown in
Fig. 1, Rabi oscillations will be present when the Ca

atomic beam crosses the laser beam right at the laser
waist. The adiabatic passage will take place when
the Ca atoms cross the laser beam well away from
its waist,[13−15] where the curvature of the wavefront
causes a Doppler shift.

For the thermal Ca atomic beam, which has a wide
velocity distribution, at most 76% of the atoms will
be excited to the upper state using the Rabi popula-
tion oscillations in principle, which is sensitive to the
laser power and interaction time. However, the adi-
abatic passage will obtain almost 99% of the atoms
excited to the upper state theoretically. What is more
important is that the latter excitation process is very
robust because it does not critically depend on the ex-
act value of the laser intensity and the specific shape
of the frequency chirp.

Then we will use the related theory work per-
formed by Kroon et al.[13] to give some numerical anal-
ysis for the two procedures based on the Ca active
optical clock. The 1𝑆0–3𝑃1 transition (𝜆 = 657 nm)of
the Ca atom involved in the active optical clock has a
lifetime of 0.4 ms,[16] which is much longer than the in-
teraction time between the atom and the laser beam;
we will ignore all the effect caused by spontaneous de-
cay of the excited state.

When the Ca atomic beam crosses the laser
beam(𝜆 = 657 nm) right at the waist, considering the
simplest model of a single-mode laser beam interaction
with a two-level atom,[13] we have
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where 𝑐𝑎 and 𝑐𝑏 are the probability amplitudes of find-
ing an atom in the lower state and upper state respec-
tively, ∆𝜔 = 𝜔𝑏 − 𝜔𝑎 − 𝜔 is the frequency detuning
of the atom and laser, in the rotating-wave approxi-
mation, |𝑅𝑎𝑏| = | − ⟨𝑎|𝜇𝑧|𝑏⟩𝐸/ℎ̄| = |𝑅𝑏𝑎| = 𝑅 is the
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Rabi frequency, where 𝜇𝑧 is the dipole moment along
the 𝑧 axis. When considering the Gaussian profile
of the electric field amplitude of the laser beam, the
Rabi frequency 𝑅 will be time dependent. By select-
ing suitable parameters one will obtain the solution of
Eqs. (1) and (2) numerically for atoms with different
velocities. Population of the upper state level |𝑐𝑏(𝑡)|2
is also a function of the interaction position 𝑥 = 𝑣𝑡, as
shown in Fig. 2, for different velocities the probabili-
ties |𝑐𝑏|2 that atoms are excited to upper states after
the interaction zone are different, and the probability
|𝑐𝑏|2 is determined by the laser power, the size of the
laser waist, and the atom velocity.
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Fig. 2. Population of the upper state level |𝑐𝑏|2 as a
function of the interaction position 𝑥 in the Gaussian
laser beam. The left-side is the Rabi oscillation for dif-
ferent velocities, (a) 𝑣 = 400m/s (b) 𝑣 = 800m/s (c)
𝑣 = 1200m/s and the laser power is 𝑃 = 50mW, the waist
is 𝑤0 = 1mm. The right-side is the adiabatic passage for
different velocities, (d) 𝑣 = 400m/s (e) 𝑣 = 800m/s (f)
𝑣 = 1200m/s, the distance from the waist is 𝑧 = 2m, and
the power is 𝑃 = 10mW, the waist is 𝑤0 = 0.5mm, 𝑤 is
the laser radius at the distance 𝑧.

When atoms cross the laser beam at a distance
from the laser waist, angular frequency of the electric
field will also be time dependent, e.g., by sweeping the
frequency of the laser field, the phase factor of the field

is given by exp[𝑖
∫︀ 𝑡

𝜔(𝑡′)𝑑𝑡′], resulting in a modified set

of differential equations:[13]
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where ∆𝜔(𝑡) = 𝜔𝑏 − 𝜔𝑎 − 𝜔(𝑡) is the frequency differ-
ence, and we consider the Doppler shift caused by the

curvature of the wave fronts:

∆𝜔𝐷(𝑡) = −
(︁𝑣2𝜔

𝑐𝜌

)︁
𝑡 (5)

with a constant rate of change proportional to 𝑣2,
where 𝜌 is the radius of the curvature of the wave
front at distance 𝑧. Using Eq. (5) we obtain a time-
dependent frequency difference

∆𝜔(𝑡) = 𝜔𝑏 − 𝜔𝑎 − 𝜔 − ∆𝜔𝐷(𝑡). (6)

If we assume that

∆𝜔(𝑡) = ∆�̇�(0)𝑡 (7)

we can obtain the numerical solution for Eqs. (3) and
(4), as shown in Fig. 2. It is surprising that almost all
the atoms will be excited to the upper level after the
interaction zone despite having different velocities.
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Fig. 3. Atomic velocity distribution curves in the calcium
atomic beam, the solid line represents velocity distribu-
tion in the hot oven, the dashed line indicates velocity
distribution in the thermal beam outside the oven. Here
𝑚 = 6.6× 10−26 kg, 𝑇 = 873K.

Comparing the left-side and the right-side in Fig. 2,
for single-velocity atoms, we can use both the Rabi 𝜋
pulse and adiabatic passage to obtain the atom excited
to the upper level by modulating the laser power or
laser waist. However, for a thermal atomic beam that
has a wide velocity distribution, both procedures will
not be successful. The 𝜋 pulse always gives excitation
of some of the atoms to the desired level but not all
of them. However, for the adiabatic passage when the
condition[13,17]

|∆�̇�(𝑡)| ≪ 𝑅2(𝑡 = 0) (8)

is satisfied, almost all the atoms will be excited to the
upper state.

The velocity distribution of the thermal atomic
beam that be used in the calcium active optical clock
obeys the Maxwell velocity distribution of a thermal
beam:[16]

𝐼(𝑣)𝑑𝑣 =
2𝐼0
𝛼4

𝑣3exp
(︁
− 𝑣2

𝛼2

)︁
𝑑𝑣, (9)

where 𝐼0 is the total flux and 𝛼 is the most proba-
ble velocity 𝛼 =

√︀
2𝑘𝑇/𝑚, as shown in Fig. 3. Then

considering the velocity distribution of the atom beam
from the oven, we will obtain the total probability that
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atoms be excited to the upper state.
As shown in Fig. 4, when the atomic beam crosses

the laser beam right at the waist, Rabi oscillation is
present under the curvature of the velocity distribu-
tion. However, at most 76% of the atoms will be ex-
cited to the upper level by adjusting the laser power
and laser waist. When the atomic beam crosses the
laser beam at a distance 𝑧 from the laser waist and
suitable laser parameters are selected to satisfy the

condition Eq. (8), the adiabatic process will take place.
As shown in Fig. 5, the total probability will increase
as the distance 𝑧 increases, and 99% of the atoms re-
side in the upper level after the interaction zone with
suitable laser power and laser waist.

For a better qualitative understanding of the
process of the adiabatic passage, this problem has
been discussed within the framework of the dressed
atom[13,14] and within the Bloch vector.[3,15]

(a) (c)(b)

0

0.2

0.4

0.6

0.8

0 400 800 1200 1600

Velocity (m/s)
0 400 800 1200 1600

Velocity (m/s)
0 400 800 1200 1600

Velocity (m/s)

P
ro

b
a
b
il
it
y
 (

a
rb

. 
u
n
it
s)

Fig. 4. Population inversion for the atomic beam after crossing the laser waist; the dashed line represents the velocity
distribution, the solid line indicates the probability that corresponds to the velocity at which atoms are pumped to the
upper level. The laser waist 𝑤0 = 1mm, the laser power is (a) 𝑃 = 40mW (b) 𝑃 = 4mW (c) 𝑃 = 0.4mW, the total
probability is (a) 50% (b) 46% (c) 76%, respectively.
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Fig. 5. Population inversion for the atomic beam crossing a distance 𝑧 from the laser waist. The laser waist 𝑤0 = 0.2mm,
the laser power is 𝑃 = 10mW, distance 𝑧: (a) 𝑧 = 0.1m, (b) 𝑧 = 0.2m, (c) 𝑧 = 0.5m. The total probabilities are (a)
67%, (b) 86%, (c) 99%, respectively.

In summary, we have proposed a new application
of the adiabatic passage to produce the population in-
version of a thermal atomic beam of calcium for an
active optical clock. This scheme can also be used
for other atomic beam excitation if the adiabatic con-
dition is satisfied. However, we do not consider the
linewidth of the laser in the calculation. In the exper-
iment, the linewidth should be narrow enough such
that the laser coherence time is longer than the tran-
sit time of an atom passing through the laser beam to
realize the adiabatic passage.
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