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Sensitive measurement of phase shifts due to the ac Stark effect
in a Ca optical Ramsey interferometer
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We constructed an optical Ramsey atomic interferometer, which has a resolution of 8 frn for the
difference between arms of the interferometer, and used it to examine the phase shift due to the ac Stark
effect of the excited state of the intercombination line ('So-'P&) of Ca. It was clearly observed that the
phase shift is in proportion to the field power and in inverse proportion to the detuning frequency of the
laser. The proportionality coefficient obtained was in good agreement with the theoretical one.

PACS number(s): 32.60.+i, 32.80.—t, 42.62.Fi, 07.60.Ly

INTRODUCTION

Atomic interferometry is expected to be one of the
most powerful tools for high-precision measurement [1].
Since it was pointed out that the interaction geometry of
optical Ramsey resonance with four traveling-wave laser
fields forms an excellent atomic interferometer [2], two
distinct results showing interferences of atomic waves
have been presented. In optical Ramsey-fringe spectros-
copy, the phase shifts between the atomic partial waves
have been measured precisely from the frequency shift of
the Ramsey resonance. First, the Sagnac effect obtained
by means of rotating the interferometer was measured
successfully by Riehle et al. using the Ca matter wave in
a rotating beam [3]. Next, phase shifts of the exciting
laser fields, the so-called "ac Stark effect" were measured
by two groups, Riehle et al. [4] and Sterr et al. [5], using
a Ca Ramsey interferometer and a Mg Ramsey inter-
ferometer, respectively.

The measurement of a phase shift due to the ac Stark
effect [6] is an example of the state-selective use of atomic
interferometry, because one partial wave of the inter-
ferometer, which is labeled according to the internal
state, is decelerated or accelerated by dipole forces in the
inhomogeneous intensity profile. The dipole force has
been explained well by a dressed-atom approach to atom-
ic motion in laser light [7]. The two experiments above
show qualitatively that the phase shifts are directly pro-
portional to the power of the extra laser beam and in-
versely proportional to the detuning frequency of the ex-
tra laser beam, as expected from the theory. However,
quantitative discussions were not given in those papers.
In both experiments, atoms in the ground state were
affected by the ac Stark effect. On the other hand, the
phase shift of the excited state caused by the ac Stark
effect has not yet been measured, but is also possible if we
use an extra laser whose frequency is tuned close to the
allowed transition frequency between the excited state
and an upper state. In such a case, we will observe the

dependence of the phase shift with the opposite sign,
since the other arm in the interferometer, unlike the case
of the ground state, is affected by the ac Stark effect.

The authors have developed a measurement system of
frequency differences between two independent Ramsey
resonances of the Ca intercombination line in order to
evaluate the stability and accuracy of a frequency-
stabilized dye laser by means of Ramsey resonance as a
new wavelength standard [8]. The present system shows
that the resolution of measurement is 70 Hz for integra-
tion time of 100 s, which corresponds to 1.4X10 ' of
resonance frequency [9]. The de Broglie wavelength A, d is
12 pm for calcium moving at a thermal velocity of
v=800 mjs. Therefore, it will be possible to reduce re-
markably the experimental uncertainty of the phase shift
of atomic partial waves to an accuracy of 4 mrad under
our condition of 2D =7 mm. It should be noted that the
detectable path difference between two arms of the inter-
ferometer corresponds to only 8 fm.

In this paper, we describe the precise measurement of
phase shifts due to the ac Stark effect of the excited state
of the Ca intercombination line using a frequency-
stabilized Ca Ramsey interferometer. The authors also
present an explicit relationship based on the dressed-
atom approach for the phase shift due to the ac Stark
effect, and compare it with the experimental results.

PRINCIPLE

A diagram of the Ca Ramsey interferometer under an
ac Stark field is shown in Fig. 1, together with a partial
level scheme of the Ca atom. The diagram represents the
high-frequency component of the recoil doublet [2].
Atoms interact and exchange momentum sequentially
with four-traveling waves, which are two counterpro-
pagating pairs of equally spaced traveling waves lA, =657
nm).

The two trajectories of atoms in space, which form a
closed loop, are responsible for the Ramsey fringe [10,11]
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FIG. 1. (a) Diagrammatic representation of optical Ramsey
interferometer under ac Stark field. (b) Energy diagram for
relevant transitions of Ca.

U(x ) =h 0 /( 8~hv), (2)

where f1 is Rabi angular frequency and equals
~
pE(x)/R~

(p is the dipole moment). b,v is the detuning frequency
from the resonance frequency. Therefore, this part of the
wave packet is reversed in comparison with that in the
other arm of the interferometer, where atoms are in a
nonresonant state. On the other hand, for red detuning,
the atoms are accelerated and decelerated so that the
wave packet advances. The corresponding phase shift hg
is given under the assumption that U(x) is small com-
pared with the atomic kinetic energy,

b,g= —I U(x)dx/(fiv) . (3)

Therefore, the frequency shift of the Ramsey resonance

and also compose an atomic interferometer [2,12]. The
resonance condition of the Ramsey fringes is described by

2'(5v+5)(2D /v ) +kg+ b P =0,
where 5v is the shift frequency of the Ramsey resonance,
5 is the recoil shift, b,f is the phase shift of matter wave,
b,P is the phase difference of the laser beam, and D is the
separation of laser beams. In the free zone between the
first and second Ramsey excitations (or the free zone be-
tween the third and the fourth), atoms in one arm are in
the excited state and atoms in the other arm are in the
ground state. Therefore we can retard the matter wave in
one arm state selectively by applying an additional laser
beam which is resonant with the selected states. The
same retardation is also applied to the Ramsey inter-
ferometer at the low-frequency recoil component at the
same time.

Riehle et al. and Sterr et al. interpreted the phase shift
due to the ac Stark effect as being proportional to the
laser power inversely proportional to the detuning fre-
quency of the laser [4,5]. Here we expand their interpre-
tations to the Gaussian laser beam and introduce the pro-
portional coefficient a for the phase shift. The ac Stark
effect is described well by the dressed-atom approach [7].
For blue detuning of the laser frequency, atoms in the
resonant level moving through the laser beam with elec-
tric field of E(x) are decelerated towards the center of the
beam and then accelerated again to the former velocity
through change in the potential energy U(x) of the
dressed state. From Eq. (3.20) in Ref. [7], U(x) is

from the resonance frequency is

5v= I U(x)dx /(2hD ) . (4)

5v=[p /(4h coca'~ Dw )](P/Av) . (6)

Since p =eohA, /(16' r), ultimately, the frequency shift
of the Ramsey resonance is

5v =a.(P/bv) =—[A, /(64hcmDwr. )](P/bv) . (7)

Therefore, the frequency shift depends linearly on the
power and inversely on the detuning frequency of the
laser. The proportional coefficient e is 1.43 X 10 '

[A. /(Dwr)] J 's

EXPERIMENT

Our experimental setup is shown in Fig. 2. The high-
resolution dye laser spectrometer used for the Ramsey ex-
citation was described precisely in another paper [13].
The output beam from the prestabilized dye laser, which
emits X of 657 nm, was split into two beams, each of
which was shifted in frequency by means of an acousto-
optic modulator driven by a voltage-controlled oscillator
and guided to one of the two Ramsey apparatus. In each
Ramsey apparatus, a thermal calcium atomic beam with
the most probable velocity of 800 m/s was generated
from an oven at a temperature of 700 C. The Ca atom
was excited to the P, state by Ramsey excitation
(A, =6S7 nm) [8,14]. The separation D between neighbor-
ing beams propagating in the same direction was 3.5 mm
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FIG. 2. Block diagram of beat-frequency measurement be-
tween the resonance frequencies of apparatus I under ac Stark
field and apparatus II as reference. VCO, voltage-controlled os-
cillator; L.I.A. , lock-in amplifier; OSC, oscillator; PB, polariza-
tion beam splitter; FR, Faraday rotator; AOM, acousto-optic
modulator; M, mirror; D, detector.

The electric amplitude E(x) of the Gaussian beam with
power P is given by

E(x)=[2P/(+oem. w )]'~ exp[ —(x/w) /2],
where m is the beam waist. When atoms pass through the
center of the laser beam, the frequency shift of Ramsey
resonance is given by
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and the excitation power of laser beams was about 2 mW.
Under these conditions, the fringe width was about 60
kHz, so that two components of the recoil doublet over-
lapped and one single pattern of the Ramsey fringes was
observed.

The additional ac Stark field was applied to one of the
two Ramsey apparatus, as shown in Fig. 1. A laser beam
whose frequency was tuned close to the transition fre-
quency between the P, - S, states (A, =612 nm) was in-
troduced into the dark zone between the first and second
Ramsey excitation beams. It acts on atoms which are in
the excited state in one arm of the interferometer. The
beam waist of the laser beam was 0.5 mm, and intensities
and detuning frequencies from the resonance were varied.
Usually, o. polarization was used for excitation fromI=0 to +1. The resonance linewidth is several hundred
megahertz at a pump power of several milliwatts [15].

The Ramsey fringe pattern was observed by monitor-
ing the fluorescence from I'&. In order to determine the
center of the Ramsey fringe, the first-derivative signal of
the fluorescence curve generated by frequency modula-
tion with a small modulation width of 20 kHz was used,
so that the eFect of the background (for example, saturat-
ed absorption signal) could be removed. The first-
derivative signal was also used as a discriminative signal
for the stabilization of the laser frequency to the Ramsey
resonance. The discriminative signal from the Ramsey
resonance was fed to the voltage-controlled oscillator so
that the output frequency was tuned to the center of the
central Ramsey fringe by the acousto-optic modulator.

The other Ramsey apparatus with no additional laser
beam was used as a frequency reference. Then the phase
shift due to the ac Stark e8'ect in the first Ramsey ap-
paratus was observed as a shift of frequency from the
reference frequency by means of the beat-frequency mea-
surement of the two laser beams stabilized to the two
Ramsey resonances. In advance, the accuracy of this sys-
tem was evaluated by measuring the Allan variance of the
beat frequency between the two stabilized lasers. The Al-
lan variance at an integration time of 100 s was 70 Hz,
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FIG. 4. Measured frequency shift of Ramsey resonance v
laser power. O, detuning frequency of 7 GHz; 0, detuning fre-
quency of —7 GHz.

which corresponds to 1.4X10 ' of the transition fre-
quency [9].

RESULTS AND DISCUSSION

Typical Ramsey fringe patterns demonstrating the
light-induced shift are shown in Fig. 3. The 612-nm laser
with an output power of 12.5 mW was introduced. For
negative detuning of 3.6 GHz, the fringe center shifts to
the low-frequency side, as shown in Fig. 3(a), although
the saturation dip remains unaA'ected in both frequency
and signal size. When the frequency of the laser coin-
cides with the exact resonance, the fringe pattern disap-
pears and only the saturated absorption dip is seen [Fig.
3(b)] with a smaller signal size, since the process of Ram-
sey resonance is destroyed [16,17]. For positive detuning
of 3.6 GHz, the center of the Ramsey fringe shifts to the
high-frequency side [Fig. 3(c)]. When the wavelength is
changed by 2 nm from the resonance wavelength, the
phase shift disappears and a normal Ramsey fringe pat-
tern appears, as shown in Fig. 3(d). No other phase shift
can be observed when the ~ polarization beam is applied,
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FIG. 3. Shift of Ramsey resonance due to the interaction of a
laser tuned close to the 'P&-'S& transition of Ca for difFerent de-
tuning. (a) —3.6 GHz, (b) 0 6Hz, (c) 3.6 GHz, (d) 2 nm.

FIG. 5. Measured frequency shift of Ramsey resonance vs
detuning frequency of laser. The power of the laser is 12.5 mW.
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TABLE I. Proportional coeKcient of phase shift due to the
ac Stark effect, together with experimental conditions, for three
states.

N

10

Coefficient

A, (nm)
(J

—ls —1)

~ (ns)
D (mm)
w (mm)'
P (mW)

Mg, 'So
Ref. [5]

285
1.0X 10'

2
4.5
0.9
1

Ca, 'So
Ref. [4]

422
4.0X10"

4.5
8.5
1.2
5

Ca, Pl
Present work

612
1.33 X 10'

10
3.5
0.5

10

10
IIVI ( GHz )

3.6X10 '

'w is de6ned in Eq. (5).

2.7X10 ' 1.0X10 '

FIG. 6. Logarithmic expression of Fig. 5. The frequency
shifts for positive (o) and negative () detunings are on a
straight line with a slope of —1.

because the transitions of AJ=O and m'=0 to m"=0
are not allowed.

Figure 4 shows the dependence of frequency shift on
the laser power at a positive and a negative detuning of 7
GHz. The measured phase shift shows a linear frequency
shift with an increment of laser power, with a positive
slope for positive detuning and with a negative but same-
sized slope for negative detuning. In the present experi-
ment, we used a simple power meter to measure the laser
power. Therefore, the slight discrepancy from the
straight line may depend on an error in power rneasure-
ment. This behavior is contrary to that of the phase shift
observed with the light field resonanced to the ground
state [4,5]. However, it is easy to understand that the
different arm of the interferometer is affected by the ac
Stark field in the present experiment.

Figure 5 shows the dependence of the frequency shift
on the detuning frequency. It is seen that the frequency
shift is in inverse proportion to the detuning frequency.
In order to evaluate this relationship more precisely, the
absolute value of frequency shift versus the absolute de-
tuning frequency is plotted in a logarithmic graph, as
shown in Fig. 6. The data are distributed in the vicinity
of a straight line with a slope of —1. Therefore, the
present results give better confirmation of the theory than
the previous results, which are scattered around the
theoretical curve. From the above results, it is confirmed
that the dressed-atom approach [7] describes well the
phase shift due to the ac Stark effect in the Ramsey inter-
ferometer.

In Table I, the measured phase shift is summarized
with the previous results [4,5], together with the experi-
mental conditions. In Eq. (7), the proportional coefficient
a depends on several experimental parameters. There-
fore, we deduced the coefficient ad as ad =a(Burly ) by
substituting experimental data. The obtained value,
1.0 X 10 ' J ' m ', in the present experiment is slightly
smaller than the theoretical value of 1.43 X 10 ' J ' m
At the present experiment, the beam diameter of the ap-

plied ac field was almost the same as that of the Ramsey
excitation beam. Therefore, the difference may be ex-
plained by the fact that atoms which move apart from the
center of the laser beam are affected by the weaker
power. Furthermore, it may also depend on the measure-
ment errors of the laser power, beam waist, lifetime, and
so on, since we did not measure them precisely. Howev-
er, the agreement is somewhat better than the values ob-
tained from the previous data, which are a few times
bigger than the theoretical value.

CONCLUSIONS

Using an optical Ramsey interferometer with high ac-
curacy, we measured the phase shift due to the ac Stark
effect of the excited state of the Ca intercombination line

Sp I
&
. As expected, it was found that the sign of

dependence of the phase shift is the opposite of that ob-
served due to the ac Stark field of the ground state [4,5].
It was confirmed that the phase shift is a function of
power and detuning frequency of the laser, in good accor-
dance with the relationship given by the dressed-atom ap-
proach [7]. The proportional coefficient was almost the
same as that estimated from the theory.

This method is also worthwhile as a nondestructive
method for measuring the laser power or detuning fre-
quency accurately [5]. Our interferometer has the poten-
tial to resolve the path difference of 8 frn between the two
arms of an interferometer. Furthermore, the optical
Ramsey interferometer can be used as a state-selective in-
terferometer, which is one of the attractive features of the
atom interferometer. Therefore, the optical Ramsey in-
terferometer is expected to be a powerful sensor for tests
of general relativity or quantum mechanics in the future.
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