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Ramsey-Bordeatom interferometer having two arms with different Zeeman sublevels
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An atom interferometer, whose arms are in the different sublevels, was demonstrated using vl two
o~ -polarized, copropagating, laser beams in a magnetic field. Using the interferometer, Ramsey fringes with a
width of 50 kHz were observed as a function of Zeeman shift frequency. The visibility of the interference
fringes of 0.046 was obtained at an excitation power of almd&tpulse area.
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Over the past decade, atom interferometers have been de-"-polarized light, and the other composed of the- — 1
veloped as sensitive detectors for precise measurements asighte ando ™~ -polarized light. The front half of the former
fundamental tests of quantum physicsl. Ramsey-Borde interferometer and the rear half of the latter can be synthe-
atom interferometers have been used successfully for suadized by driving the atoms with twar"-polarized light
purposeg2-4]. The present authors have already developedeams and twar ™ -polarized light beams. The upper states
symmetrical Ramsey-Bordatom interferometers composed of the two arms in the synthesized interferometer are differ-
of three or four copropagating traveling laser beams an@nt;m=1 andm= —1. Realizing the synthesis of two inter-
have achieved a visibility of 0.25 using a thermal calciumferometers will be significantly valuable for increasing the
atomic beanj5-8|. applicability of atom interferometers.

These symmetrical atom interferometers work similar to In this Rapid Communication, we present the principle of
white-light interferometers. Therefore, they are suitable forthe synthesized atom interferometer and demonstrate the in-
measuring a nondispersive phase shift that does not depeietference fringes and Ramsey resonance as a function of
on the velocity of the atom, for example, the Aharonov-magnetic-field strength.

Casher(AC) effect[9]. In order to accurately measure the  Figure 1 shows the configuration of the interferometer.
AC effect, two electrodes with opposite electric fields mustWe consider the Ca atom as a two-level state atom. The
be applied to two arms in the symmetrical interferometer. Inground state is théS, state and the excited state is tfie,

our simple experiment, however, it was revealed that imperstate with a lifetime of 0.57 mgl2]. The atomic beam in the
fect symmetry between the two electrodes introduces a reground state moves in thedirection and interacts with the
sidual dc Stark phase shift that washes out fringes as a resdtiur laser beams, which propagate along thelirection,

of dispersion. through a homogeneous magnetic field also applied irzthe

In this study, we consider an atom interferometer com-direction. The frequency of the laser beams is resonant to the
prised of twoo - and twoo ™ -polarized laser beams, where transition 1S,—>P;. The first and the second laser beams
the atomic wave packets split into each of the two arms are
in different Zeeman states af=1 andm=—1. In principle,

a single homogeneous electric field applied throughout thesp, 2av, m=l A A A A
interferometer will generate the AC phase alone. =g m=-1 D D
A few years ago, Hinderthuet al. developed an atom
interferometer using a combination of polarized light fields ,
of the same frequency and observed interference signals be ~° ,’ 0’ 01
tween coupled Zeeman-sublevel staf#8]. Schmiedmayer z B 2 e s >
et al. investigated the superposition of the eight independent Allmm » o &
interferometers comprised of atoms with the same magnetic "4 R4 & N
moment in a weak magnetic fied1]. In the interferometer X ’0' R 000 m=-1 0/
proposed here, atoms must be excited to the selected state Ca beam : —
different frequencies for ther*- and o -polarized laser ¢ ¢, s ¢4
beams. This is the first attempt at the development of such ai 3 ) ( (
interferometer. ( ( 3 3
The conventional Ramsey-Bordggom interferometer is Vi+AV VAV v -Av vy -Av
based on a two-level atom having a ground state and a mete
stable excited state, and laser beams of frequency resonance Laser Beams

to the transition between the states. For example, let us con- FiG. 1. Scheme of the synthesized atom interferometer in mag-
sider that the excited state has a quantum number of 1. Agetic fieldB, and level diagram of calcium. Solid line, ground state;
the upper level is split inton=1 andm=—1 states under broken black line, excitetn=1 state; broken white line, excited
the magnetic fieldB, two independent atom interferometers m=—1 state;¢;, phase ofith laser bear(gray line; frequency
can be produced; one composed of tme=1 state and and polarization of laser beams are shown in the figure.
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are circularly o " -polarized and shifted in frequency Av z

from the carrier frequency of the laser, . In contrast, the
third and the fourth beams are circulay -polarized and
shifted in frequency- Av from v . The frequency shift\ v

is close to the Zeeman frequency shifig= ugB/h, ¢; is C
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the phase of thih laser beam a=0, and the beam spacing
D between the first and second laser beams is equal to the
between the third and fourth laser beams.

In the first interaction of the atoms and the laser beam,
part of the atomic beam is excited to ti@,, m=1 state
with recoil velocityv, in the z direction (upper arm. In the
second interaction, with the™ laser beam, the atom in the
upper arm emits light due to the stimulation and reverts to its
original direction of motion. In the third interaction, with the
o laser beam, atoms in the lower arm absorb photons ant
are excited to the’P,;, m=—1 state and deflected. In the
final interaction, with ther~ laser beam, atoms in the upper

arms in them= —1 state(or ground stateoverlap.
The phase difference between atoms initire — 1 state,

Laser beams
1:1:1:1
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. D> D
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’ \ (L
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i Av Av VQWLE
| i ]
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FIG. 2. Experimental setup for the synthesized atom interferom-
arm are excited again to t}'f’@l, m= — 1 state and the two eter. PM, photomultiplier; PS, phase shifter; QW, quarter-wave

plate; OPP, optical parallel plate; EOM, electro-optic modulator.

after having passed through the upper or lower arm, can be "€ population probabilitpob* of atoms in the excited
calculated based on the phase shift arising from the interagt@te after four interactions with light is given by

tion of the atom with lightA ¢, and the phase shift due to the
free evolution of atoms between interactiodsy,.The

bb* =2a?B2+2a?B%+2a5B2+2a*B* cosA i,

4

former phase shift is given by

D
A¢L:(W_¢1+¢2_¢3_¢4)+47TAV(U—X)

D
-, @

Ux

v,tu,

—47 Av

wherev, anduv, are the initial velocities of atoms in the

where« denotes the amplitudes of the interaction with light
when the state of the atom has not changed, @rd&notes

that when the state has changed. Other terms with a phase of
v,T are omitted because those terms vanish upon the inte-
gration ofv,, assuming that the mean valuewfT is large
compared to the optical wavelength. The last term represents
the interference fringes and the other terms represent the
background. The visibility of the interference fringes was
calculated using Ed4), taking into account the specific fea-

and z directions. The first term represents the phase differtyres of the Ca atomic beam device; the divergent thermal
ence of the four laser beams, and the second and the thitgomic beam, the transit time broadening, and the Maxwell-

terms represent the frequency difference betweewrrthand

ian velocity distribution[7,8]. The visibility was calculated

o~ beams. The third term can be ignored because it i$o pe 0.088 at an excitation power of thé2 pulse area for

smaller than the second term by a factor of{v,)/c, or
~10°8.

atoms with the most probable velocity.

Under the perturbation of the magnetic field, the latter
phase shift occurs due to the dynamical Zeeman effect, ac

=== firsttwo beams -

— second two beams

cording to
/'\

—47 AvgD - H \
Agp=——. @ 2 [
X = 7 1
g oy .
The total phase shifh ¢ is then given by % ! \
c 1 A
2D a / |
Ay=(m— ¢+ ¢z—¢s—¢4)+2w(Av—AvB)(v—>- 7 5
X
(3 n "

Therefore, the phase shift does not depend on the carrie
frequency of the laser, as is the case in a conventional sym
metrical atom interferometdib]. When Av exactly equals
the Zeeman frequency shift, the total phase shift is indepen- F|G. 3. Fluorescence signal from the excited state for excita-
dent of the atomic velocity. It should be noted that Ramseyions of the first two beamédashed ling and second two beams

fringes of periov,/2D appear as a function of the frequency (solid ling), as a function of detuning from the transition frequency
difference betweer v andAvg. between'S, and *P; of them=0 state.
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Our experimental setup is shown in Fig. 2. A thermalparallelism was within 2 §7]. The front surface was divided
calcium atomic beam was generated from the oven at a teniato four sections, each of which had a dielectric coating
perature of 700 °C, which corresponds to the most probablwith a different reflectivity for theS-polarization wave at an
velocity of 780 m/s. The atomic beam was collimated so thatncident angle of 45°. The rear surface had a perfect reflec-
a residual Doppler full-width at half maximum was about 8tive coating. Using this beam splitter, four parallel laser
MHz. An output beam with a wavelength of 657 nm from abeams with an intensity ratio of 1.0:0.8:0.9:0.9 were pro-
high-resolution diode laser spectrometer was used to excitduced with a beam spacing of 8.3 mm.
the Ca atoms to théP, state from the ground stafe,. The Quarter-wave plates were inserted after the beam splitter
frequency of the diode laser was stabilized to the high stablin order to give the first and the second laser beariis
reference cavity by the frequency-modulated sideband tech-
nique, and the oscillation linewidth was estimated to be less . . T T . .
than 100 kHz. The laser power was amplified to approxi-
mately 20 mW using an injection-locked diode laser. The 2
output beam was introduced into a resonant-type electro:
optic modulator driven at a 14.9 MHz with a modulation
index of 2.1. One sideband frequency:gf+ 14.9 MHz was
used as thec'-polarized beam and the other aof_
—14.9 MHz was used as the -polarized beam. The frac-
tional power of one sideband was 30% of the incident beam. .
The magnetic field was produced by a Helmholtz coil and
the fluctuation of the magnetic field in the region of the
interferometer was about 0.1%.

In order to generate the four parallel laser beams copropa 9 » v s ” py" v o
gating in the same direction with equal beam spacing anc Power (mW)
equal power, a special beam splitter was developed. The op-
tical parallel plate was 60 mm long and 11 mm thick. The FIG. 5. Visibility versus the excitation laser power, together
surface roughness was one tenth of wavelength used, and tiMth the calculated curve.
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circular polarization and the third and fourth laser beams (c), whereas interference fringes are not seer(bn The
polarization. A phase plate was inserted in the path of theeason for this is that thee™ polarization beam andr~
fourth beam before interaction with the atomic beam. Thepolarization beam interact with the atoms with the same ve-
population probability of the upper state was observed byocity v, in case of(c), whereas in(b), they interact with
monitoring the fluorescence from th&, state approxi- atoms having different velocities.
mately 300 mm downstream from the excitation region. By The dependence of visibility on the power of one side-
changing the angle of the phase plate, interference fringégand is shown in Fig. 5, together with the visibility calcu-
appeared in the fluorescence signal. _ lated from Eq.(4). The visibility becomes almost constant
_ The fluorescence spectrum of atoms excited by only they, e 0.6 mw, which corresponds to thé2 pulse area for
first two laser beamso” -polarized beamis shown in Fig.  4ioms with the most probable velocity. Consequently, the
3. The spectrum shows that the=1 state was excited over mayimum visibility is estimated to be 0.046. The behavior
100 times grefterihan the sta}_em:# —1.Thus, the extinc-  gpserved in the experimental results is similar to the calcu-
tion ratio of ™ (0 ") to o~ (0") was less than 0.01 in the |5teq pehavior, but the value is almost half the calculated
best alignment. Therefore, the interference signal of atomyagnitude. The ratio of the experimental value to the calcu-
interferometers comprising only te=1 state orm=—1  |ateq value is almost the same as that for the symmmetrical
state can be effectively attenuated. , , _ atom interferometer with four equally spaced laser beams.
The laser beam diameter was 3 mm in the interactionrpe vyisibility obtained might be appropriate to the experi-
zone, and the optimum power for each laser beam was 0.§ental conditions, and there is a still room for improvement
mW, which corresponds to the/2 pulse area for atoms with ¢ e experiment.
the most probable velocityl3]. The apparatus was adjusted | conclusion, we have successfully developed an atom
in order to obtain as much visibility as possible using thej,ierferometer withm=1 andm= — 1 states in its arm by
conventional symmetrical interferometer with the four e synthesis of two atom interferometers, one of which
equally spaced laser beaifist]. At the excitation power of comprises then=1 state andr*-polarized laser beam, and
0.65 mW, we obtained a visibility of 0.14, which is lower {ha giner comprises them=—1 state and ar-polarized
than the calculated visibility of 0.25 for the conventional |3sar peam. The interference fringes occur when the fre-

symmetrical atom interferometer. , _ quency shift of both the-* - ando ~-polarized laser beams is
,Figure 4a) shows the fluorescence signal excited by tWoresonant to the Zeeman frequency shift. Ramsey fringes were
o polarization beams and twe™ polarization beams when opsarved as a function of the magnetic-field strength. This

the magnetic field was near a Zeeman frequency shift of 14.8,m interferometer will be useful for nondispersive phase
MHz. At the Zeeman frequency shift of 14.9 MHz, a satura-jeasurement of the Aharonov-Casher effect.

tion dip appears with a depth of about 15% and a full width

at half maximum of about 400 kHz, which corresponds to the The authors acknowledge Dr. J. Helmcke and Dr. F.
transit width. Near the center dip, Ramsey fringes with aRiehle for their valuable discussions and kind collaborations.
period of 50 kHz can be seen. This period is almost equal té®We also thank to Dr. T. Kurosu for an introduction to the
vy /(2D). Figures 4b) and 4c) show the fluorescence sig- diode-laser system, and M. Kajiro for his assistance with
nals as a function of phase when the phase plate was rotategkperimental equipment. This research was partly supported
(b) was obtained in a magnetic field of 6.93 G, whHitd¢ was by a Grant-in-Aid for Scientific Research on Priority Area
obtained at 7.09 G. Clear interference fringes with a visibil-(B), Research of the Ministry of Education, Science, Sports
ity of 0.046 at a sideband power of 0.65 mW can be seen imnd Culture(Japan.
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