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We observed the phase shift of the atomic wave function induced from the dc Stark effect using an atom
interferometer comprised of four copropagating traveling laser beams. We calculated the interference signal for
the interferometer in the case of a thermal atomic beam. By comparing the observed interference fringes with
the calculated ones, the difference between the polarizabilities of the3P1 state and the1S0 state of calcium
was obtained to bea(3P1)2a(1S0)5(13.462.0)310224 cm3. This value was consistent with that deduced
from the Stark frequency shift.@S1050-2947~96!51107-8#

PACS number~s!: 03.75.Dg, 32.60.1i, 42.50.Vk

Atom interferometers are expected to be used as sensitive
accelerometers in a variety of precision measurements such
as tests of relativistic effects or quantum mechanics. In re-
cent years, several types of the atomic interferometer have
been presented and used in precision measurements@1–5#.
As an application of an atomic interferometer, the electric
polarizability of the ground state of sodium was measured
precisely using a three-grating interferometer by Ekstrom
et al. @6# and the difference between the polarizabilities of
the excited and ground states of magnesium was measured
using the Ramsey-Borde´ interferometer by Sengstocket al.
@7#. Such polarizabilities were obtained by measuring the
phase shift of the atomic wave function due to the dc Stark
effect, when an electric field is applied to a part of the inter-
ferometer. On the other hand, the dc Stark effect causes a
shift of the resonance frequency which is generally used to
obtain the difference in polarizabilities.

Recently, we developed an atom interferometer com-
prised of four copropagating laser beams using thermal cal-
cium atoms@8#. In principle, the phase shift of this interfer-
ometer does not depend on laser frequency, and therefore it
is less sensitive to laser frequency fluctuations than the
Ramsay-Borde´ atomic interferometer. The interferometer is
symmetric and therefore sensitive to atomic velocity, i.e., de
Broglie wavelength, in the absence of perturbation. If this
interferometer is used to measure the phase shift due to the
dc Stark effect, the size of interference fringes will decrease
as the strength of the applied electric field increases, since
the Stark phase shift depends on the atomic velocity. This is
similar to the case of a white-fringe interferometer. There-
fore, an accurate knowledge of the interference fringes is
necessary to evaluate the phase shift. To date, only the phase
relation of this interferometer has been discussed@9,10#.
There has been no quantitative analysis of interference
fringes in a thermal atomic beam, to our knowledge.

In this work, we use the atomic interferometer to measure
the difference between the polarizabilities of the3P1 state
and the 1S0 state of calcium. The Stark frequency of this
transition line is known to be less than 0.02 Hz/~V/cm! 2

@11#. We measure the interference fringes induced from the
dc Stark effect and we analyze the Stark phase shift by com-

paring the experimental result with the theoretical one calcu-
lated using the evolution matrices of spinors derived by
Bordé et al. @12#. Finally, the difference in the polarizabil-
ities deduced from the Stark phase shift is compared with
that deduced from the Stark frequency shift, which was mea-
sured independently.

The geometrical paths of an atom interacting with four
laser beams are shown in Fig. 1. The atomic waves that
move in thex direction interact with the laser beams that
propagate in thez direction and are split into two paths: the
path of the excited stateb, which has a recoil velocity in the
z direction in addition to the initial velocity, and the path of
the ground state with an initial velocitya. After the atom
interacts with the four laser beams, 16 trajectories are ob-
tained. When the beam spacing between the first and second
interaction zones is equal to that between the third and fourth
ones, two Mach-Zehnder interferometers are formed by two
pairs of trajectories, as seen in Fig. 1. There is little differ-
ence in physical properties between the two Mach-Zehnder

FIG. 1. Interaction geometry of the atom interferometer with
four copropagating traveling laser beams.a, ground state~solid
line!; b, excited state~broken line!; f i , phase of thei th laser beam
~dotted line! at time t; andT andT8 are pass times.
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interferometers, except for the state of atoms between the
second and the third interaction zones.

The application of an electric fieldE to an atomic wave
shifts the internal energy of the atoms by the Stark potential,
U(x)52(a/2)E2, wherea is atomic polarizability. There-
fore the resonance frequency between two states shifts as

Dn52~Da/2h!E2, ~1!

whereDa is the difference in the polarizabilities of the two
states. On the other hand, an atom in the electric field
changes its velocity. When the electric field is applied in the
free zone between the first and second interactions in the
interferometer, a phase shift occurs between the two wave
functions of the atoms that are in the different states, as they
have different polarizabilities. Using the Eikonal approxima-
tion, the phase shift is given by@6#

Dw5DaDE2/2\vx , ~2!

whereD is the length of the free zone andvx is the velocity
of atoms along thex axis.

The experimental setup is shown in Fig. 2. The atom in-
terferometer is the same as that described previously@8#. In
the present experiment, a thermal calcium atomic beam was
generated from an oven at a temperature of 700 °C. The
most probable velocity of atoms in the flux is 780 m/s, which
corresponds to a de Broglie wavelength of 13 pm. An output
beam with a wavelength of 657 nm from a high-resolution
dye laser spectrometer@13# was used for the excitation to the
3P1 state from the ground state1S0 of Ca atoms. The beam
diameter was 3.2 mm at the interaction zone. The power of
each of the four laser beams was 0.7 mW. The beam spac-
ings between the first and second interactions and between
the third and fourth ones were 5 mm. The beam spacing
between the second and third interactions was 15 mm. A
small magnetic field was applied perpendicular to both the
atomic beam and the laser beams in the interaction zone. The
polarization of the laser beam was set so as to excite only the
Dm50 transition. The fluorescence from3P1 was detected
at L5250 mm downstream by a photomultiplier with a di-

ameter ofl55 cm. Under these conditions we obtained an
interference signal with a visibility of 20%.

A dc electric field was applied to the first and second
interaction zones using a rectangular capacitor. The capacitor
has a length of 20 mm in the direction of the atomic beam
and the separation between the two plates is 5 mm. The first
laser beam transits at the center of the capacitor. Therefore,
the strength of the electric field between the first and second
interactions is uniform within an error of 3%.

The results of the fluorescence intensity versus the electric
field are shown in Fig. 3. Open circles show the results when
the optical phase shiftDf is adjusted to nearly zero by ro-
tating the phase shifter. Filled circles show the results when
Df is nearlyp. Interference fringes are observed clearly, but
their size decreases as the electric field increases and the
fringes disappear when the electric field is higher than 6
kV/cm. It should be noted that the number of fringes ob-
served satisfies the uncertainty principle between spread of
wave packet and momentum of atoms.

The slope of the background observed in the experimental
results arises from the dc Stark frequency shift of the first
and second interaction zones with the electric field from the
resonance frequency of other zones without field. If the elec-
tric field is applied only to the free zone between the first and
second interactions, the slope will be eliminated.

The interference fringes were calculated as follows. We
consider a two-level atom interacting with four traveling la-
ser beams that propagate in thez direction and have the same
frequencyv0. We observe the probability of atoms in the
excited state by monitoring the fluorescence signal from the
excited state. Therefore we consider eight trajectories, the
final state of which is the excited state after interactions with
the four copropagating laser beams~Fig. 1!. The wave func-
tion of the atom in the excited stateb is described using the
evolution matrices of spinors derived by Borde´ et al. @12#.

FIG. 2. Experimental setup for the calcium atom interferometer
in an electric field applied by a capacitor. The four copropagating
laser beams with equal power are generated by a parallel plate. AR,
antireflection; HR, half reflection; and PR, perfect reflection. PM,
photomultiplier; PS, phase shifter; BS, beam splitter; andM , mir-
ror. D, d, L, and l denote length.

FIG. 3. Experimental result of fluorescence intensity versus dc
electric field. The output power of laser beams is 0.7 mW and the
distance between the first and second interaction zones is 5 mm.
The oven temperature is 700 °C. Filled circle, optical phase shift of
nearlyp; open circle, optical phase shift of nearly zero. The error
of data is equal to the point size.
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Then the population probability of the excited state can be obtained from the product ofb with its complex conjugate:

bb*5exp~22gbt!@ uB1A2A3A4u2exp$2gb~2T1T8!%1uD1B2A3A4u2exp$2gb~T1T8!%1uB1A2C3B4u2

3exp$2gb~T1T8!%1uD1B2C3B4u2exp~2gbT8!1uB1C2B3A4u2exp~22gbT!1uD1D2B3A4u2exp~2gbT!

1uB1C2D3B4u2exp~2gbT!1uD1D2D3B4u21$~B1A2C3B4!~D1B2A3A4!* exp$2gb~T1T8!%expi ~Df!1c.c.%

1$~B1C2D3B4!~D1D2B3A4!* exp~2gbT! expi ~Df!1c.c.%1O„exp~6 ikvzT!,exp~62ikvzT!…#, ~3!

wheregb is the relaxation constant of the excited state.t,
T, andT8 are the pass times of the laser beams, the free zone
between the first and second interactions, and the central free
zone between the second and third interactions, respectively.
Ai , Bi , Ci , andDi are parameters related to the transition
amplitude between states at the interaction zonei , as defined
in Ref. @11#. Df52f11f21f32f4 is an optical phase
difference, wheref i is the optical phase of thei th laser
beam.

The first eight terms in Eq.~3! give the background popu-
lation. The next two terms having the optical phase differ-
ence give the interference fringes and correspond to the two
interferometers~Fig. 1!. The other terms proportional to exp
(6 ikvzT) or exp(62ikvzT) vanish after integration over
vz on the assumption that the Doppler width is large com-
pared to the fringe width.

The four laser beams are assumed to be Gaussian with
equal powerP and equal beam waistw. On resonance exci-
tation, the parametersAi , Bi , Ci , andDi are given by

Ai5Di5cos@u~vx!/2#, Bi5Ci5 isin@u~vx!/2#, ~4!

and

u~vx!5 2m/\vxAP/«0c, ~5!

whereu(vx) is the pulse area andm is the dipole moment.
We measured the fluorescence signal using a photomultiplier
with diameterl located at distanceL from the fourth inter-
action zone. Finally, the fluorescence signal is averaged over
the velocity distribution of atom at oven temperature
T (K). Hence Eq.~3! becomes

bb*52S m
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whered is the length between the second and third interac-
tion zones.

We calculated the interference fringes due to the dc Stark
effect, using Eq.~6! under the present experimental condi-
tions and the measured value of the dipole moment
m5(1.4660.1)310231 A s m @14#. We integrated Eq.~6!
numerically over the velocity and obtained the interference
fringes as a function of amplitude of the electric field multi-
plied by ADa, as shown in Fig. 4. The dotted and solid
curves show the calculated fluorescence signals for the opti-
cal phase shiftsDf50 andDf5p, respectively. Except for
the background slope, the calculated curves are similar to the
experimental ones.

As the fringe pattern for the experimental result is dis-
torted by the slope, we examined the difference between the
signalsDf5p andDf50. Figure 5 shows the experimen-

tal data fitted by the calculated curve, the first peak value of
which is normalized to that of the experimental signal. Al-
though the fringe height is slightly smaller than the theoreti-
cal curve, the fringe cycle is in good agreement. Hence, we
deduced the difference in the polarizabilities of1S0 and
3P1 (m50) states to bea(3P1)2a(1S0)5(13.462.0)
310224 cm3. The error was estimated roughly from the sta-
tistical error of 6% and the error of 10% due to uncertainties
of the experimental values used in the calculation. For ex-
ample, a decrease ofD by 10% increases the value ofDa by
6%. The accuracies of dipole moment and the laser beam
power, oven temperature, and so on, give errors of within a
few percent.

On the other hand, the shift of the resonance frequency
due to the Stark effect was measured independently to be
0.01260.002 Hz/~V/cm! 2 @15#. The frequency shift is di-
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rectly converted into the difference in the polarizabilities us-
ing Eq. ~1!. The result isa(3P1)2a(1S0)5(14.362.4)
310224 cm3. The value deduced from the Stark phase shift
is in good agreement with that deduced from the Stark fre-
quency shift. This shows that the present theory is reason-
ably accurate.

Using the averaged value of (13.961.7)310224 cm3 for
Da and the polarizability of the ground state
a(1S0)5(2562.5)310224 cm3, @16# we finally determined
the value of the polarizability of the3P1 (m50) state to be
a(3P1 ,m50)5(3963.0)310224 cm3.

In conclusion, we observed the atomic phase shift induced
from the dc Stark effect using an atom interferometer com-
prised of four copropagating traveling laser beams. We de-
rived a theoretical equation for the interference signal of the
atom interferometer and calculated the interference fringes.
The difference in the polarizabilities deduced from the Stark
phase shift was consistent with that deduced from the Stark
frequency shift.

Details of the calculation will be described in another pa-
per. If we apply a dc field with the same amplitude in the
reverse direction at the other two interaction zones, the phase
shift due to the dc Stark shift is canceled out and the slope of
the background curve is also eliminated, although the Stark
frequency shift is still present. Under such conditions, a very
small atomic phase shift due to the Aharonov-Casher effect
should be observed@17#. For measurement of the Aharanov-
Casher effect, this interferometer has the advantage of being
independent of atomic velocity and frequency fluctuation of
the laser. Experiments to measure the Aharanov-Casher ef-
fect are now under way.
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FIG. 5. Difference between signals withDf5p and Df50
with a calculated curve~solid line! fitted to the experimental value.

FIG. 4. Calculated result of fluorescence intensity versus dc
electric field under the same condition as Fig. 3.Df, optical phase
shift.
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