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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-knownexperiment by Badurelkt al. demonstrated nondispersivity
paper on the physical significance of electromagnetic poterby observation of phase shifts of up to 60 rad without the
tials in quantum mechanics and proposed two electron inteloss of contrasf11]. Allman et al. showed no difference be-
ference experiments to verify the reality of the scalar potentween the SAB effects for polarized and unpolarized neutron
tial and the vector potential, known as the scalar and thgeams[10,13, and confirmed the SAB effect with an accu-
vector Aharonov-BohntAB) effects[1]. Subsequently, both  racy of 6% within a phase shift of /2. On the other hand,
effects were extended to neutral particles with a magnetijicChormaicet al. examined the SAB effect for neutral at-
moment due to the duality &-u as reported by Aharonov oms using an atomic Stern-Gerlach interferometer and suc-
and Cashef2] and Anandarj3], independently. The vector ceeded in measuring the same fringe period for two different
AB effect has been verified for electrons in an elegant elecatom velocities, but the size of interference fringes decreased
tron holography experiment by Tonomuetal. [4] For neu-  without velocity selectio{12]. Miller et al. measured the
tral particles, the first demonstration of the Aharonov-CashesAB effect for cold atoms with an electric d|p0|e moment in
(AC) effect was with slow neutrons by Cimmiret al. [5],  the light-shift potentials using the time-domain atom interfer-
who used real-space interferometry. This was followed by ammeter[14]. The advantage of using cold atoms is that the
excellent spin-space interferomettye. Ramsey-typeex- interference takes place in a very small volume of space,
periments with neutral atoms by several groifs-8]. Re-  which facilitates the creation of specially homogeneous in-
cently, Morinaga and co-workers successfully observed theeraction potentials. Therefore, several experiments of atomic
AC phase directly for a relatively short measurement time bymultiple-beam interferometers using the SAB effect have
developing an atomic polarizing white color interferometerpeen demonstrated recenfly5—17. However, obvious veri-

[9]. fication of the SAB effect using the cold atoms has not yet

On the other hand, the scalar ABAB) effect, the con-  peen reported. Such a time-dependent magnetic field with an
cept of which is rather simple, has not yet been performecrbitrary direction will limit the ultimate accuracy of the fre-
for electrons because of the technical difficulties, but ana'Oquency standards that utilize the method of atom interferom-
gous experiments with neutrons have been performed byiers.

Allman et al. [10] and Badurelet al. [11] and with neutral We have developed a time-domain atom interferometer
atoms by NicChormaicet al. [12]. In those experiments, uysing a cold sodium atom ensemble in a magneto-optical trap
while a split wave packet of neutral particles remains in[18]. The cold atom ensemble in the initial ground hyperfine
the magnetic-field region, a time-dependent homogeneousiate was excited to another ground hyperfine state by two
magnetic field is provided by switching it on and off. Hence Raman pulses separated in time and the interference fringe
there is no force acting on the particle and the phase shifsetween two wave packets was obtained from the population
is entirely due to a scalar potentidd=—u-B(t). If the  distribution of atoms in one of the final states. The cold
initial quantization axis of magnetic moment is parallel ensemble with a temperature of less than 1 mK still has a
to the applied magnetic field, the potential is given bythermal velocity, but it drifts over a length of less than 1 mm
V=—megrupB(t), where mg is the magnetic quantum during the duration of less than 1 ms between the two pulses.
number of the- state,gr is theg factor, andug is the Bohr  We can easily apply a time-dependent homogeneous mag-
magneton. Thus, the magnetic fieR{t) leads to a phase netic field to the entire cold ensemble using a solenoid coil.
shift of wave packets between thie,mg) and thelF’,mg/)  If we select two states with different magnetic sublevels as
states, two arms of the interferometer, the phase difference between
two wave packets can be observed by applying a pulsed
magnetic field between two Raman pulgé&3]. Therefore,

the experimental setup seems to be suitable for verifying the
SAB effect.

The essential feature of the SAB effect is nondispersivity, In this study, we demonstrate an unprecedented nondis-
which is independent of the velocity of particles. The neutronpersivity using a time-domain atom interferometer. With an

%
Apsap=— WB(QF’mF’_gFmF)f B(t)dt. 1)
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FIG. 1. Experimental scheme for the measurement of the scalar'g)
Aharonov-Bohm effect using a time-domain atom interferometer. .=
) . L . [Z I
(a) A partial level scheme of Na with a Raman transition using two
polarized photongb) Time-domain atom interferometer with mag-
netic fields. The cold atom ensemble is excited by two Raman
pulses and probed by the transition from th#& 3, F=2 to 3P, 0.2
"=3 state.(c) Timing diagram of the two Raman pulses and a ’ | | [ | |
pulsed magnetic field. 560 580 600 620 640 660 680
applied magnetic field parallel or orthogonal to the quantiza- Frequency (kHz)

tion axis, the obtained phase shifts are compared with the FIG. 2. Ramsey fringes for the transition between Ere 1,

predicted one quantitatively in order to verify the scalarmF:1 toF'=2, me,=2 of the 35y, states under magnetic field.

Aharonov-Bohm effect. _ _ The time separation between two Raman pulses is A€0The
The time-domain sodium atom interferometer used is aliesonance frequency is shifted by 620 kHz from the 0-0 transition.

most the same as the previously reported pif, except
that the magnetic substate of atoms was selected under th@o us were used in the measurements. Under this condi-
quantization magnetic field. The experimental setup is showfion, Ramsey fringes were generated in the spectrum as de-
in Fig. 1. The sodium atom ensemble in the grode2  tuning of the rf frequency near the resonance, as shown in
state was trapped in the conventional magneto-optical trafrig. 2. The Raman transition from tHe=1, me=1 to F’
After turning off the quadruple magnetic field, the ensemble=2 m_,=2 was shifted by 6262 KHz from the 0-0 tran-
was cooled to 20QcK by polarization gradient cooling. Af- sition at 0.295 G. We calibrated the strength of the applied
ter 3 ms, which was the time required for eliminating the magnetic field using the measured frequency shift of the cen-
quadrupole magnetic field, sodium atoms were initializedral Ramsey or Rabi resonance.
perfectly by optical pumping to th&=1 state. Then the The rf frequency was fixed near the central frequency of
magnetic field with a strength d@, (~0.2 G) was applied resonance and a weak magnetic field of up to 0.1 G was
to the atomic ensemble, the quantization axis was definegwitched on and off with a rise time of 1@s, during two
and the Raman pulse that transits atoms from t8g,3 F  Raman pulses. After the second Raman pulse was switched
=1, me=1 state to theF'=2, mg, =2 state via B3,  off, the probe laser beam that resonates tdtke2 state was
"=2, mg,=2 state was applied. switched on and the transmittance through the ensemble was
The frequency of the dye laser was detuned by a fremeasured. At 10 ms interval, these time sequences were re-
quency of 500 MHz, which is less than the resonance frepeated and data were accumulated as a function of the
quency of the transition froff=1, me=1 to F"=2, mz»  strength or the duration of the applied magnetic field.
=2. The other frequency of the Raman transition was pro- First, the axis of a weak applied field was set to be paral-
duced through an electro-optic modulator at approximatelyel to the direction of the quantization axis. A background
1.77 GHz, which corresponds to the hyperfine separation bénhomogeneous magnetic field was removed carefully using
tween theF=1, mg=1 state and th&'=2, mg, =2 state.  compensation solenoid coils. Figure 3 shows two parts of the
The difference between the two frequencies was tuned exsbserved interference fringes as a function of the strength of
actly to the resonance frequency under the quantization maghe pulsed magnetic field with a pulse width of 168. Up
netic field. The polarization azimuth of the laser was set tao the maximum field of 97 mG, we observed 38 interference
45° from the quantization axis. Therefore, the Raman transifringes corresponding to a phase difference of 240 rad.
tion was generated by the excitation with™ and = polar-  Moreover, the interference fringes maintain 90% of their ini-
izations. When the weak magnetic field was applied parallefial size during the phase shift of 200 rad. The mean velocity
to the quantization field by a solenoid coil, the resonancef the cold atoms was 42 cm/s, which corresponds to the de
peak was shifted further. Broglie wavelength of 42 nm. The velocity width is almost
The time-domain atom interferometer was produced byof the same order as the mean velocity, so that the coherent
two excitations of cold atoms with Raman pulses separateféngth is about 15 nm. However, if the present phase shift is
in time. Two Raman pulses with a pulse width of 48 and  due to the velocity of atoms, the relative displacement be-
an excitation power of the/2 pulse area were applied to the tween two wave packets will be larger than L6, which
atoms. The pulse separation could be changed to 1 ms, bgkceeds the coherent length by two orders of magnitude.
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FIG. 4. Ratio of the phase shift to the duration of the pulse as a
function of the strength of the applied magnetic field, together with
a predicted straight line with a slope of 1:320" G 1s™ 1.

The cold atoms expand slowly in all directions within 1
ms after swiching off the trapping laser. The fact that the
experimental phase shift was consistent with the theoretical
one means that the phase difference does not depend on the
direction of atomic motion. Even if the atoms are at rest, the
same phase shift occurs.

N —! . ' ' Finally, the direction of the weak applied field was rotated
80 85 90 95 to be orthogonal to the initial quantization axis. The interfer-

B (mG) ence fringes over the same strength of the applied field are

shown in Fig. 5. We observe that the phase shift was mark-

FIG. 3. Examples of the interference fringes due to the scalagly reduced to less than three fringes, compared with the
Aharonov-Bohm effect observed as a function of the strength of
magnetic field up to 97 mG. The time separation between two Ra- I T I I
man pulses is 20@s, while the duration of magnetic field is
160 ws. The figures are consecutively numbered. B, =214 mG Ty =70 ps

0.25 - —

This result demonstrates, obviously, the nondispersivity of
the SAB effect for the neutral atoms.

If the applied field is rectangular with amplitud® and
width T, Eq. (1) becomes

MmB
A<PSAB:_T(QF'mF/_gFmF)BTEozBT. (2

Signal (Arb.Units)

For the present cases, the theoretical value cofis RS

1.32x10" G s 1. We deduced the experimental value of
« from the measurements aB by changing the pulse width
by AT under a certain strength of the applied magnetic field.

Then the phase shift durin§T, A¢gag equalsaBAT. The 0.10 L L
measureckB is plotted as a function of the strength of the 0 20 40 60 80
magnetic field in Fig. 4, together with a straight line with a B (mG)

slope of the theoreticak. The aexgt obtained from the ex-

perimental data is (1.290.04)< 10 G s L Therefore We  FIG. 5. Interference fringes under the applied magnetic field
have confirmed the predicted size of the SAB effect withinorthogonal to the initial quantization axis versus the strength of the
an accuracy of 3%. applied magnetic field with a pulse width of §0s.
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result of the parallel case obtained fB=97 mG andT dicted value. In the present work, the ratio of the Larmor
=70 us. The result can be interpreted as follows. With anfrequency to the field rotation rate was almost unity, so that
orthogonal applied field, the magnetic dipole moment fol-SOme nonadiabatic transitions might be induced as the
lows adiabatically the direction of the resultant magneticStrength of applied field increas¢t5]. Thus, the phase shift
field, which comprises the quantization field and the rela-0f @toms in a time-dependent magnetic field is well described
tively small applied field. Therefore the potential depends orPY this interpretation. o

the strength of the resultant magnetic field, and the phase N conclusion, we demonstrated the phase shift with non-

between two wave packets changes during a time durdtion dispersivity due to the scalar Aharonov-Bohm effect using_a
time-domain atom interferometer with a pulsed magnetic

Apsap= a(‘/|302+ B2—Bg)T. (3) field and verified the SAB effect. The time-domain atom in-
terferometer is one promising way to evaluate the frequency

After the applied field is turned off, the magnetic dipole mo- standard 19]. Therefore, the SAB effect must be taken into
ment returns to the initial quantization direction and resonantonsideration as one of the sources of error. Indeed, the fre-
atoms to the second Raman pulse, the frequencies of whiduency standard normally uses time=0 states, so that the
are same as the first Raman pulse. For the present Bgse, effect will be of second order and hence negligibly small.
=214 mG andB=97 mG with a pulse width of 7Qcs yield  The authors are aiming to develop a high-finesse atomic
a phase shift of 19 rad, which corresponds to three fringesnultiple-beam interferometer using multiple Raman pulses
The measured phase shift was a little smaller than the prewith multiple magnetic pulse fieldsl7].
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