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Dispersion-shaped ac Stark phase shift of Ca intercombination transitions with
a time-domain atom interferometer
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A time-domain atom interferometer with a cold calcium atomic ensemble has been developed with a phase
resolution o4 = 140/4/T mrad/s'/? at the integration time 7. Using this atom interferometer, the dispersion-
shaped ac Stark phase shift with a sharp reversal on resonance was demonstrated under the perturbation light
near the resonance frequency of the 'Sy, m; = 0 —3P;, m; = —1 transition. The phase shift was well described
by a convolution of functions of the ac Stark potential and a Rabi excitation, and it was found that the lifetime of

the 3P, state is 0.45 &+ 0.03 ms.
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I. INTRODUCTION

Atom interferometers are useful for various physics, such
as the precise measurement of gravitational acceleration
constant [1], the fundamental test of quantum physics [2],
the measurement of atomic properties [3], and so on [4]. In
the third case, Ramsey-Bordé¢ interferometers [5], which are
composed of two different internal states of atoms as two arms
in an atom interferometer, are often used. The phases of these
two states shift according to their respective perturbation, so
that the phase of interference fringes shifts, similarly to a
polarization interferometer in optics. When the two arms are
irradiated with a laser field detuned far from the resonance
frequency during the interrogation time, the interference
fringes shift owing to the ac Stark effect, in proportion to
laser intensity and in inverse proportion to detuning frequency
[6]. These experiments were performed using space-domain
atom interferometers with a thermal atomic beam [6-9] or
time-domain atom interferometers with an ensemble of cold
atoms [10]. In the former, phase shift occurs when atoms
move in a gradient of an ac Stark potential [11]. On the
other hand, in the latter, it occurs owing to the temporal
variation of the applied scalar potential, which is called a
scalar Aharonov-Bohm effect [12,13]. Therefore, phase shift
is dispersive in the former and nondispersive in the latter.
To determine the decay rate or lifetime of a state using
a measured phase shift, a time-domain atom interferometer
is suitable, because interference fringes in a space-domain
atom interferometer disappear destructively with an increase
in phase dispersion of more than 7 [14].

The measurement of an ac Stark phase shift on resonance
should reveal a familiar dispersion-shaped dependence [15].
The dispersion-shaped frequency shift through resonance
was measured previously using microwave spectroscopy of
ground-state hyperfine transitions [16] and was used as disper-
sive signals for the frequency stabilization of lasers [17]. On
the other hand, a dispersion-shaped phase shift of the ac Stark
effect was first observed using an atom interferometer with
guided-wave Bose-Einstein condensates by Deissler et al. [18],
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but with a broadened linewidth attributed to a collective light
scattering effect. We intended to observe a dispersion-shaped
phase shift with a sharp reversal on resonance using an accurate
time-domain atom interferometer and to determine the lifetime
of the metastable state.

A calcium atom interferometer is comprised of the 3P
metastable state and the ground 'Sy state of calcium atom
[19,20]. The frequency of the intercombination line between
the 3P, and 'S, states is known with an uncertainty of only a few
hertz [21,22]; however, the lifetimes of the 3P, state reported
by many authors ranged from 0.33 to 0.57 ms, depending
on the experimental method used to determine them [23].
Drozdowski et al. reported a lifetime of 0.34 £+ 0.02 ms,
determined by measuring the decay of the fluorescence from
a thermal atomic beam excited selectively with a short-pulse
dye laser [24], which is in agreement with the calculation
employing the relativistic effective operator formalism [25].
However, Degenhardt et al. have reported a lifetime of 0.43 +
0.01 ms, determined by measuring the fluorescence from cold
ensembles after excitation with a 7 pulse [21]. Therefore, it
is desired to examine the lifetime of the 3P, state from other
measurements such as a dispersion-shaped phase shift.

In this paper, the authors demonstrate a dispersion-shaped
ac Stark phase shift with a sharp reversal on resonance using
a time-domain atom interferometer with a 10-mrad phase
resolution. The lifetime of the 3P, state is deduced from the
decay rate, which is obtained by fitting a phase-shift function
for the ac Stark effect to the experimental one.

II. PHASE-SHIFT FUNCTION

The relevant energy levels for *°Ca are depicted in Fig. 1.
The magnetic field of 0.76 mT was applied during the
interferometer measurement to split the 3P, state into the
Zeeman sublevels m ; with the frequency shifts m; x 16 MHz.
The resulting Zeeman shifts was much larger than the total
transition linewidth of a few megahertz. The ground 4s2 'S,
state and metastable 4s4p3P; and m; = 0 (°Pj) state
were used to form a time-domain atom interferometer by
exciting atoms with the m-polarized laser whose frequency
was resonant to an intercombination transition 'S —3P1’0 ata
wavelength of 657 nm [20]. The ac Stark phase shift in the 1So
state was induced by applying a ¢ ~-circularly polarized laser
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FIG. 1. (Color online) Partial energy level diagram of “°Ca under
a magnetic field of 0.76 mT, together with related transitions.

whose frequency was near the resonance of the 1s, —3P1,,1
transition on atoms.

Cold calcium atoms with a temperature of several mil-
likelvins generate the Doppler width of a few megahertz in
the resonance spectrum. When an atom moves with a velocity
v along the propagation direction of the perturbation laser, the
resonance frequency w, shifts from that of the atom at rest, due
to the Doppler effect. If the frequency of the perturbation laser,
, is tuned near the resonance frequency w, of the 'Sy —3P;
transition with a detuning frequency of w — w,, the laser field
causes an ac Stark potential [6,11] in the 'Sy ground state given
by

h(w — wy) 3IA3 /(mhey)

2 313 /(whey) + 14 [2(0 — w) /v

where [ is the laser intensity, y is the decay rate from the
3p, state, A is the wavelength, 4 is Planck’s constant, 7 is h
divided by 27 and c is the speed of light in vacuum. Here
only one transition is being considered. The ac Stark potential
is applied to the atom during a duration ¢,. Then, the phase
of atoms in the 'Sy state with a velocity v shifts by A¢,. =
U(w — w,,y)tp,/h owing to the scalar Aharonov-Bohm effect
[12,13]. The velocities of atoms, which are involved in the
interference, are selected from the width of the Rabi-excitation
pulse of the 1So —3P1,0 transition, because its width is smaller
than the Doppler width. The Rabi-excitation probability with
a r pulse area at a pulse duration 7 is given by [26]

o) )
= _:{5/ T)Z] sin? |: Dy +2(n/ D T]. )

Therefore, the phase-shift function is given by a convolution
of Egs. (1) and (2), as

U ey

P(w,) = [
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By comparing Eq. (3) with the experimental results, we can
deduce the decay rate y, i.e., the lifetime of the 3p; state.
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III. EXPERIMENT

The present experimental procedures are shown in Fig. 2.
First, we explain our procedure for a cold ensemble of Ca
atoms in a magnetooptical trap (MOT). The used transitions
are also shown in Fig. 1. The 'Sy—4s4 p 'P; transition at 423 nm
with a natural linewidth of 34 MHz was used to trap a cold
Ca atomic ensemble in a magnetooptical trap. The 4s3d 'D,—
4s5p 'P; transition at 672 nm was used to return atoms in the
'D, state, which were decayed from the 4s4p 'P; excited state
with a branching ratio of 1073, to the 'Sy ground state via a
higher 4s5p 'P; state [27].

The laser with a wavelength of 423 nm was based on a
tapered-amplifier diode laser and a second harmonic genera-
tion (SHG) system. An amplified laser power of 350 mW at
846 nm was injected into a bowtie cavity with a periodically
poled KTiOPQO4 (KTP) crystal [28] to obtain 40 mW at 423 nm.
The cavity length was controlled by a piezoelectric transducer
(PZT) and stabilized to the cavity resonance by the Hansch-
Couillaud technique [29]. The laser frequency was stabilized
to a saturated absorption spectrum of the 'Sy—'P; transition
of Ca atoms in a discharge cell observed by the frequency
modulation technique [30]. The output beam from the SHG
cavity was divided into three parts: a slowing beam, MOT
beams, and a probe beam. These outputs were switched on and
off, and frequencies were shifted by individual acoustooptic
modulators (AOMs) to set their detuning from the 'So—'P; o
transition to —143, —33, and —33 MHz, respectively.

A Ca atomic beam from an oven at a temperature of
1088 K was decelerated by a counterpropagating slowing beam
of 5 mW; then atoms were loaded to the MOT consisting
of six orthogonal circularly polarized MOT beams and a
quadrupole magnetic field. The beam powers and the magnetic
field gradients in the trap region along the vertical and
horizontal axes were 1 and 2 mW, and 0.8 and 0.4 mT/mm,
respectively. The probe beam was set incident to atoms along
the horizontal axis after turning off the MOT to evaluate the
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FIG. 2. (Color online) Experimental procedures. Numbers indi-
cate time durations in us. Ca atoms are cooled and trapped during 3
ms in the magnetooptical trap (MOT). After a release of cold atoms
from the MOT, three 657-nm pulses of 7 /2, 7, and 7 /2 (0.8, 1.6,
and 0.8 ws) irradiated to atoms make an atom interferometer. A
perturbation pulse with duration of 4.6 s was inserted between the
first 7/2 and 7 pulses. The probability of atoms in the excited state
was measured by two probe pulses with a duration of 20 us.
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atomic population in the 'Sy ground state by measuring the
fluorescence intensity using a photomultiplier tube (PMT).
Typically, 103 atoms were trapped every 3.2 ms. From the trap
lifetime of 20—40 ms, we estimated that about 85% — 90%
of the atoms used for the measurement were recaptured in
the present MOT. This cycle time was optimized as short as
possible in a range in which the number of trapped atoms did
not decrease significantly, so as to improve the signal-to-noise
ratio of the interference fringes by increasing the number of
measurements in unit time.

The laser system operating at 657 nm with a linewidth of a
few hertz has been described in detail in an earlier publication
[9]. The laser beam was divided into two parts: an excitation
beam for the atom interferometer in the 'Sy —3P; o transition
and a perturbation beam scanned around the resonance of the
1S, —3P1$_1 transition, both of which were power amplified
up to 30 mW at its maximum by injection locking two
individual antireflection (AR)-coated diode lasers to them.
The perturbation beam was frequency offset by —16 MHz
from the excitation beam, which was resonant to the 'Sy —3P 0
transition under the bias magnetic field of 0.76 mT. Both beams
were mode cleaned to nearly perfect Gaussian beam profiles
using pinholes.

A time-domain atom interferometer was constituted with
cold atomic clouds released from the MOT. First, cold atoms
were accumulated in the MOT for 3 ms with lasers at 423 and
672 nm. At 100 us after turning off the laser light and the
magnetic field for the MOT, the homogeneous bias magnetic
field of 0.76 mT was applied on atoms along the vertical axis, to
split the Zeeman sublevels of the 3P state. The excitation beam
with polarization parallel to the magnetic field was incident to
atoms antiparallel to the 423-nm probe beam. The beam radius
of 1.1 mm was about twofold larger than that of atomic clouds
of 130 us after turning off the MOT. The beam power of
4.8 mW was adjusted to be a w-pulse area for Rabi excitation
at pulse duration of 1.6 us. A typical spectrum of the 'Sy —3P; o
transition showed a Doppler broadening of 4.3 MHz due to the
residual velocity distribution, from which we found that the
atom temperature was 7 mK [see Fig. 5(a)].

To compose an atom interferometer, the pulses of the
657-nm excitation beam with pulse areas of m /2, m, and
/2 were sequentially irradiated on the atoms with pulse
separations of 5 us. To observe interference fringes, the laser
phase A¢, of the third pulse was scanned by modulating the
phase of the rf signal driving the AOM. Two 423-nm probe
pulses with a width of 20 us were irradiated before and after the
657-nm excitation pulse trains, and the number of atoms in the
1Sy ground state was measured by monitoring the fluorescent
signal from the 'P; state. We obtained the total number of
atoms in the MOT at the first probe pulse and the number of
atoms left in the 'Sy state after excitations at the second probe
pulse, respectively. Using them, we calculated the fraction of
the number of atoms excited to the 3P; state.

IV. RESULTS AND DISCUSSIONS

To obtain the interference fringes as a time series, the laser
phase was scanned from 0 to 37 rad in 30 steps. The 100
measurements of the interference fringes were accumulated
repeatedly every 9.6 s. Each fringe pattern was fitted by a

PHYSICAL REVIEW A 86, 023418 (2012)

100

Allan deviation (mrad)

10 100 1000
Integration time (s)

FIG. 3. (Color online) Allan deviation of phase versus averaging
time in a time-domain atom interferometer.

sine function to obtain the phase data. The Allan deviation
calculated from the phase data in an operation of 5000 s is
shown in Fig. 3, which indicates the phase resolution of the
atom interferometer as a function of the average time. The
Allan deviation decreased with o = 140/./7 mrad/s!/? and
reached 4.5 mrad at an integration time t = 1000 s. However,
this value was two orders larger than the shot noise limit
estimated from the present fluorescence photons, the detection
efficiency, and the visibility of fringes. Probably it will depend
on the power fluctuation of the 423-nm probe laser. Figure 4
shows a typical interference fringe with an integration of
5000 s, which corresponds to a phase resolution of 2 mrad.
The visibility of the fringe was restricted to 0.18, due to the
temperature of the present cold atoms.

The perturbation beam was incident to atoms in the same
path of the excitation beam with the polarization perpendicular
to the magnetic field, containing equal o* polarization
components. The AOM of the perturbation beam was utilized
to scan the laser frequency around the resonance of the
1Sy —*Py _, transition and to apply the pulse modulation on
the beam. A typical spectrum is shown in Fig. 5(a). The beam
radius of 1.45 mm was about three times larger than that of
atomic clouds. A total beam power of 5.2 mW resulted in
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FIG. 4. (Color online) Typical interference fringes integrated for
170 s per phase step, together with a sine function fitted to the data.
The standard deviation of the residuals divided by the amplitude of
the sine was 0.005.
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FIG. 5. (Color online) (a) Probability excited by a Rabi pulse
versus detuning frequency of perturbing laser from the resonance
between the 'Sy and 3P, _; states. Solid line is a Gauss profile. (b)
Amplitude of interference signal versus detuning frequency. Solid
line is a Lorentz curve. (c) Phase of interference versus detuning
frequency of perturbing laser. Solid line is a curve calculated using
Eq. (3) with / =71 mW/cm? and y =2.18 x 103 s~

an average laser intensity of 71 £ 4 mW/cm? over atoms
for the o~ polarization light. The uncertainty of the intensity
comes mainly from uncertainties of the measurements of the
absolute power and the beam diameter. The perturbation beam
was irradiated for #, = 4.6 us between the first and second
excitation pulses, in which atoms were in the superposition
state of 1S() and 3P1,0; thus, a phase shift was induced by
the difference between the ac Stark potentials in the two
states.

Interference fringes with a perturbation pulse at several de-
tuning frequencies were observed at an average time of 200 s.
Figures 5(b) and 5(c) show the measured amplitude of fringes
and the phase shift of interference fringes as functions of the
detuning frequency of the perturbation pulse, respectively. On
resonance, most of the atoms, which are excited to the 3P1,_1
state from the ground 'S, state by the perturbation pulse,
remain there during the entire interferometer measurement,
so that they do not contribute to the interference. By this
process, the amplitude of the interference signal on resonance
decreased to half that without perturbation. Furthermore, only
atoms with a Doppler shift within a resonance linewidth of the
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Rabi-excitation pulse contributed to the interference signal.
This was confirmed from the fact that the observed dip width
(FWHM = 700 kHz) was somewhat wider than the linewidth
of the Rabi-excitation pulse (FWHM ~ 550 kHz). On the other
hand, we observed a dispersion-shaped phase shift with a sharp
reversal on resonance, where the uncertainty of the phase was
about 80 mrad. The experimental data were compared with
the result of a calculation using Eq. (3) with Egs. (1) and (2),
and the laser intensity / = 71 mW/cm?. By fitting only the
parameter y to the experimental data, the amplitude and shape
of the phase shifts agree well with the experimental ones within
uncertainties of the data, as shown in Fig. 5(c), reproducing
fine structures due to the Rabi oscillation. The decay rate of
the 3P, state was evaluated to be y = (2.18 £ 0.10) x 10% s~!
by the x? test. The uncertainty is statistical and will be smaller
for a longer integration time.

We shall discuss the contribution from other transitions to
the ac Stark phase shift. The 1So —3P1,1 transition is coupled
with the o polarization component of the perturbation beam
with a detuning of approximately 32 MHz, which caused
a phase shift of 7 mrad with a frequency dependence of
— 0.2/mrad/MHz. In Fig. 5(c), this systematic shift subtracted
from the experimental data. The influence of the 'Sy—'P; tran-
sition at 423 nm was less than 0.02 mrad. Thus, contributions
from other transitions to the phase shift were negligible small.

The present Doppler broadening was about one order wider
than the Rabi broadening, as shown in Figs. 5(a) and 5(b).
The width of the curve in Fig. 5(c) is set mostly by the Rabi
broadening. It means that the smaller line-broadening effects,
such as inhomogeneity of magnetic field, collisions and so on,
should be negligible, even if the broadening is large compared
to the natural linewidth. It also means that the dispersion curve
does not much depend on the fluctuation of the Doppler profile
due to the atomic temperature. The fluctuation of the atomic
temperature will also cause the changes of the number of atoms
and the spread of atomic ensemble. However, the former was
already excluded from the uncertainty of the probability by
the probe method used and the latter was negligible compared
with the statistical uncertainty. Finally, taking the uncertainty
of the perturbation laser intensity / = 71 4 mW/cm? into
account, we concluded that the decay rate of the 3p, state is
y =(2.18 £ 0.15) x 103 s71,

From the above result, the lifetime of the 3P, state is
deduced to be 0.45 £ 0.03 ms, which is in good agreement
with that obtained by Degenhardt er al. [21]. The present
uncertainty was three times that of the latter. However, the
uncertainty will be improved if we enlarge a visibility of the
interference fringes using a sub-Doppler cooling [31] and/or if
we measure the phase during a longer integration time and the
laser intensity with higher accuracy. The present method will
be superior to the fluorescence method, which is hampered by
fluorescence from other transitions [24]. Thus, we presented
a method to measure a lifetime of a state using an atom
interferometer.

V. CONCLUSION

In conclusion, we developed a time-domain atom inter-
ferometer using cold calcium atoms with a phase resolution
o4 = 140//T mrad/s!/? at the integration time 7. Using this
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atom interferometer, we measured the phase shift due to the ac
Stark effect of the perturbed laser through the resonance of the
1Sy —3P1,,1 intercombination transition. We demonstrated the
dispersion-shaped ac Stark phase shift with a sharp reversal
on resonance. The experimental data were well described by a
theoretical dispersion-shaped function and the lifetime of the
3P, state was deduced to be 0.45 % 0.03 ms. The present result
confirms the lifetime of the 3P, state measured by the emitted
fluorescence photons from an ensemble of ultracold Ca atoms
excited by a 7 pulse at 657 nm [21].
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