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Scalar Aharonov-Bohm effect for ultracold atoms
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The scalar Aharonov-Bohm effect with a time-dependent magnetic field was investigated for ultracold
sodium atoms using the time-domain atom interferometer. The 38 interference fringes with almost the same
amplitude verified the nondispersivity of this effect. The measured phase shift as a function of the strength of
the applied magnetic field agreed with the predicted one within an accuracy of 3%. With a weak magnetic field
orthogonal to the quantization axis, the phase shift was in proportion to the variation of the strength of the
resultant magnetic field.
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In 1959, Aharonov and Bohm presented their well-kno
paper on the physical significance of electromagnetic po
tials in quantum mechanics and proposed two electron in
ference experiments to verify the reality of the scalar pot
tial and the vector potential, known as the scalar and
vector Aharonov-Bohm~AB! effects@1#. Subsequently, both
effects were extended to neutral particles with a magn
moment due to the duality ofe-m as reported by Aharonov
and Casher@2# and Anandan@3#, independently. The vecto
AB effect has been verified for electrons in an elegant e
tron holography experiment by Tonomuraet al. @4# For neu-
tral particles, the first demonstration of the Aharonov-Cas
~AC! effect was with slow neutrons by Cimminoet al. @5#,
who used real-space interferometry. This was followed by
excellent spin-space interferometry~i.e. Ramsey-type! ex-
periments with neutral atoms by several groups@6–8#. Re-
cently, Morinaga and co-workers successfully observed
AC phase directly for a relatively short measurement time
developing an atomic polarizing white color interferome
@9#.

On the other hand, the scalar AB~SAB! effect, the con-
cept of which is rather simple, has not yet been perform
for electrons because of the technical difficulties, but ana
gous experiments with neutrons have been performed
Allman et al. @10# and Badureket al. @11# and with neutral
atoms by NicChormaicet al. @12#. In those experiments
while a split wave packet of neutral particles remains
the magnetic-field region, a time-dependent homogene
magnetic field is provided by switching it on and off. Hen
there is no force acting on the particle and the phase s
is entirely due to a scalar potentialV52m"B(t). If the
initial quantization axis of magnetic moment is paral
to the applied magnetic field, the potential is given
V52mFgFmBB(t), where mF is the magnetic quantum
number of theF state,gF is theg factor, andmB is the Bohr
magneton. Thus, the magnetic fieldB(t) leads to a phase
shift of wave packets between theuF,mF& and theuF8,mF8&
states,

DwSAB52
mB

\
~gF8mF82gFmF!E B~ t !dt. ~1!

The essential feature of the SAB effect is nondispersiv
which is independent of the velocity of particles. The neutr
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experiment by Badureket al. demonstrated nondispersivit
by observation of phase shifts of up to 60 rad without t
loss of contrast@11#. Allman et al. showed no difference be
tween the SAB effects for polarized and unpolarized neut
beams@10,13#, and confirmed the SAB effect with an accu
racy of 6% within a phase shift of6p/2. On the other hand
NicChormaicet al. examined the SAB effect for neutral a
oms using an atomic Stern-Gerlach interferometer and s
ceeded in measuring the same fringe period for two differ
atom velocities, but the size of interference fringes decrea
without velocity selection@12#. Müller et al. measured the
SAB effect for cold atoms with an electric dipole moment
the light-shift potentials using the time-domain atom interf
ometer@14#. The advantage of using cold atoms is that t
interference takes place in a very small volume of spa
which facilitates the creation of specially homogeneous
teraction potentials. Therefore, several experiments of ato
multiple-beam interferometers using the SAB effect ha
been demonstrated recently@15–17#. However, obvious veri-
fication of the SAB effect using the cold atoms has not
been reported. Such a time-dependent magnetic field with
arbitrary direction will limit the ultimate accuracy of the fre
quency standards that utilize the method of atom interfero
eters.

We have developed a time-domain atom interferome
using a cold sodium atom ensemble in a magneto-optical
@18#. The cold atom ensemble in the initial ground hyperfi
state was excited to another ground hyperfine state by
Raman pulses separated in time and the interference fr
between two wave packets was obtained from the popula
distribution of atoms in one of the final states. The co
ensemble with a temperature of less than 1 mK still ha
thermal velocity, but it drifts over a length of less than 1 m
during the duration of less than 1 ms between the two pul
We can easily apply a time-dependent homogeneous m
netic field to the entire cold ensemble using a solenoid c
If we select two states with different magnetic sublevels
two arms of the interferometer, the phase difference betw
two wave packets can be observed by applying a pul
magnetic field between two Raman pulses@17#. Therefore,
the experimental setup seems to be suitable for verifying
SAB effect.

In this study, we demonstrate an unprecedented non
persivity using a time-domain atom interferometer. With
©2002 The American Physical Society06-1
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applied magnetic field parallel or orthogonal to the quanti
tion axis, the obtained phase shifts are compared with
predicted one quantitatively in order to verify the sca
Aharonov-Bohm effect.

The time-domain sodium atom interferometer used is
most the same as the previously reported one@18#, except
that the magnetic substate of atoms was selected unde
quantization magnetic field. The experimental setup is sho
in Fig. 1. The sodium atom ensemble in the groundF52
state was trapped in the conventional magneto-optical t
After turning off the quadruple magnetic field, the ensem
was cooled to 200mK by polarization gradient cooling. Af-
ter 3 ms, which was the time required for eliminating t
quadrupole magnetic field, sodium atoms were initializ
perfectly by optical pumping to theF51 state. Then the
magnetic field with a strength ofB0 (;0.2 G) was applied
to the atomic ensemble, the quantization axis was defi
and the Raman pulse that transits atoms from the 3S1/2, F
51, mF51 state to theF852, mF852 state via 3P3/2,
F952, mF952 state was applied.

The frequency of the dye laser was detuned by a
quency of 500 MHz, which is less than the resonance
quency of the transition fromF51, mF51 to F952, mF9
52. The other frequency of the Raman transition was p
duced through an electro-optic modulator at approxima
1.77 GHz, which corresponds to the hyperfine separation
tween theF51, mF51 state and theF852, mF852 state.
The difference between the two frequencies was tuned
actly to the resonance frequency under the quantization m
netic field. The polarization azimuth of the laser was se
45° from the quantization axis. Therefore, the Raman tra
tion was generated by the excitation withs1 and p polar-
izations. When the weak magnetic field was applied para
to the quantization field by a solenoid coil, the resonan
peak was shifted further.

The time-domain atom interferometer was produced
two excitations of cold atoms with Raman pulses separa
in time. Two Raman pulses with a pulse width of 10ms and
an excitation power of thep/2 pulse area were applied to th
atoms. The pulse separation could be changed to 1 ms

FIG. 1. Experimental scheme for the measurement of the sc
Aharonov-Bohm effect using a time-domain atom interferome
~a! A partial level scheme of Na with a Raman transition using t
polarized photons.~b! Time-domain atom interferometer with mag
netic fields. The cold atom ensemble is excited by two Ram
pulses and probed by the transition from the 3S1/2, F52 to 3P3/2,
F953 state.~c! Timing diagram of the two Raman pulses and
pulsed magnetic field.
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200 ms were used in the measurements. Under this co
tion, Ramsey fringes were generated in the spectrum as
tuning of the rf frequency near the resonance, as show
Fig. 2. The Raman transition from theF51, mF51 to F8
52, mF852 was shifted by 62062 KHz from the 0-0 tran-
sition at 0.295 G. We calibrated the strength of the appl
magnetic field using the measured frequency shift of the c
tral Ramsey or Rabi resonance.

The rf frequency was fixed near the central frequency
resonance and a weak magnetic field of up to 0.1 G w
switched on and off with a rise time of 10ms, during two
Raman pulses. After the second Raman pulse was switc
off, the probe laser beam that resonates to theF52 state was
switched on and the transmittance through the ensemble
measured. At 10 ms interval, these time sequences were
peated and data were accumulated as a function of
strength or the duration of the applied magnetic field.

First, the axis of a weak applied field was set to be pa
lel to the direction of the quantization axis. A backgrou
inhomogeneous magnetic field was removed carefully us
compensation solenoid coils. Figure 3 shows two parts of
observed interference fringes as a function of the strengt
the pulsed magnetic field with a pulse width of 160ms. Up
to the maximum field of 97 mG, we observed 38 interferen
fringes corresponding to a phase difference of 240 r
Moreover, the interference fringes maintain 90% of their i
tial size during the phase shift of 200 rad. The mean veloc
of the cold atoms was 42 cm/s, which corresponds to the
Broglie wavelength of 42 nm. The velocity width is almo
of the same order as the mean velocity, so that the cohe
length is about 15 nm. However, if the present phase shi
due to the velocity of atoms, the relative displacement
tween two wave packets will be larger than 1.6mm, which
exceeds the coherent length by two orders of magnitu

lar
r.

n

FIG. 2. Ramsey fringes for the transition between theF51,
mF51 to F852, mF852 of the 3S1/2 states under magnetic field
The time separation between two Raman pulses is 100ms. The
resonance frequency is shifted by 620 kHz from the 0-0 transit
6-2
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This result demonstrates, obviously, the nondispersivity
the SAB effect for the neutral atoms.

If the applied field is rectangular with amplitudeB and
width T, Eq. ~1! becomes

DwSAB52
mB

\
~gF8mF82gFmF!BT[aBT. ~2!

For the present cases, the theoretical value ofa is
1.323107 G21 s21. We deduced the experimental value
a from the measurements ofaB by changing the pulse width
by DT under a certain strength of the applied magnetic fie
Then the phase shift duringDT, DwSAB equalsaBDT. The
measuredaB is plotted as a function of the strength of th
magnetic field in Fig. 4, together with a straight line with
slope of the theoreticala. The aexpt. obtained from the ex-
perimental data is (1.2960.04)3107 G21 s21. Therefore we
have confirmed the predicted size of the SAB effect with
an accuracy of 3%.

FIG. 3. Examples of the interference fringes due to the sc
Aharonov-Bohm effect observed as a function of the strength
magnetic field up to 97 mG. The time separation between two
man pulses is 200ms, while the duration of magnetic field i
160 ms. The figures are consecutively numbered.
04210
f
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The cold atoms expand slowly in all directions within
ms after swiching off the trapping laser. The fact that t
experimental phase shift was consistent with the theoret
one means that the phase difference does not depend o
direction of atomic motion. Even if the atoms are at rest,
same phase shift occurs.

Finally, the direction of the weak applied field was rotat
to be orthogonal to the initial quantization axis. The interf
ence fringes over the same strength of the applied field
shown in Fig. 5. We observe that the phase shift was ma
edly reduced to less than three fringes, compared withr
f

a-

FIG. 4. Ratio of the phase shift to the duration of the pulse a
function of the strength of the applied magnetic field, together w
a predicted straight line with a slope of 1.323107 G21 s21.

FIG. 5. Interference fringes under the applied magnetic fi
orthogonal to the initial quantization axis versus the strength of
applied magnetic field with a pulse width of 70ms.
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result of the parallel case obtained forB597 mG andT
570 ms. The result can be interpreted as follows. With
orthogonal applied field, the magnetic dipole moment f
lows adiabatically the direction of the resultant magne
field, which comprises the quantization field and the re
tively small applied field. Therefore the potential depends
the strength of the resultant magnetic field, and the ph
between two wave packets changes during a time duratioT,

DwSAB5a~AB0
21B22B0!T. ~3!

After the applied field is turned off, the magnetic dipole m
ment returns to the initial quantization direction and reson
atoms to the second Raman pulse, the frequencies of w
are same as the first Raman pulse. For the present casB0
5214 mG andB597 mG with a pulse width of 70ms yield
a phase shift of 19 rad, which corresponds to three fring
The measured phase shift was a little smaller than the
do
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dicted value. In the present work, the ratio of the Larm
frequency to the field rotation rate was almost unity, so t
some nonadiabatic transitions might be induced as
strength of applied field increased@15#. Thus, the phase shif
of atoms in a time-dependent magnetic field is well describ
by this interpretation.

In conclusion, we demonstrated the phase shift with n
dispersivity due to the scalar Aharonov-Bohm effect usin
time-domain atom interferometer with a pulsed magne
field and verified the SAB effect. The time-domain atom i
terferometer is one promising way to evaluate the freque
standard@19#. Therefore, the SAB effect must be taken in
consideration as one of the sources of error. Indeed, the
quency standard normally uses them50 states, so that the
effect will be of second order and hence negligibly sma
The authors are aiming to develop a high-finesse ato
multiple-beam interferometer using multiple Raman puls
with multiple magnetic pulse fields@17#.
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