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Measurement of the He-McKellar-Wilkens Topological Phase by Atom Interferometry
and Test of Its Independence with Atom Velocity
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In this Letter, we report a measurement of the He-McKellar-Wilkens (HMW) topological phase by
atom interferometry. The experiment is done with our lithium atom interferometer, and in order to
suppress the stray effects present in our first experiment, we use optical pumping of the "Li atoms in their
F =2, mp = +2 (or —2) ground state sublevel. In these conditions, the measured phase shift is the sum
of the HMW phase and of the Aharonov-Casher phase, which are separated due to their different
my dependence. The HMW phase has been measured for different lithium beam velocities and the
results are in very good agreement with a phase independent of the atom velocity, as expected for a

topological phase.
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In 1959, Aharonov and Bohm discovered the first topo-
logical phase [1], a phase shift which appears in the
absence of any force acting on the particle, a theoretical
discovery confirmed by experiments [2,3]. In 1984,
Aharonov and Casher [4] discovered a second topological
phase, in the interaction of a magnetic dipole with an
electric field, also confirmed by experiments [5-8].
In 1993-1994, by applying Maxwell duality to the
Aharonov-Casher phase, He and McKellar [9] and
Wilkens [10] have introduced the topological phase now
known as the He-McKellar-Wilkens (HMW) phase; it
appears when an electric dipole d propagates in a magnetic
field B:

¢ww=fBdedh (1)

where r is the position of the particle and the integration
path follows the interferometer arms. To observe this phase
with an atom interferometer, an electric dipole must be
induced in the atom by an electric field [10].

In a previous work [11], we have tested the HMW phase
with our lithium atom interferometer [12], using the
arrangement of Wei et al. [13]: opposite electric dipoles
induced by opposite electric fields on the two interferome-
ter arms interact with a common magnetic field. Our
experiment was sensitive enough to detect the HMW phase
but important stray phase shifts due to experimental defects
were present and we had to develop a model of our experi-
ment to extract the HMW phase. This model was most
probably imperfect and this makes the accuracy study
difficult, leading to a discrepancy with the theoretical value
of 31%. It appeared that the main source of stray phase
shifts was the average over the eight hyperfine-Zeeman F,
my sublevels of 7Li ground state: each F, my sublevel
gives a contribution to the total fringe signal, with a weight
equal to the product of the beam intensity by the fringe
visibility and the fringe visibility of such a contribution is
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sensitive to the correlation of defects. In order to sort
out this problem, we had to prepare the atom in a single
F, mp sublevel.

We report here a new experiment in which the lithium
atomic beam is optically pumped in F = 2, mp = +2, or
my = —2. Another consequence of optical pumping is that
the experiment is now sensitive to the Aharonov-Casher
(AC) phase [4]:

[E(r) X p(F, mg)] - dr
he? '

erclF.me) =~ § @
The different my dependence of the AC and HMW phases
will be used to separate these two phases. We briefly recall
the principle of the experiment [11], with some details on
the modifications. In the interaction region, two plane
capacitors sharing a septum as a common electrode [14]
produce opposite electric fields on the two interferometer
arms and two coils surrounding these capacitors create the
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FIG. 1 (color online). Schematic top view of the interaction
region (not to scale). The interferometer arms (dotted blue lines)
are separated by a septum; the electric fields are produced by two
plane capacitors sharing the septum as a common electrode
grounded electrode. The high voltage electrodes (in red) are
surrounded by grounded guard electrodes (in black). The brown
rectangle represents the coils which produce the magnetic field.
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magnetic field needed for the HMW effect (see Fig. 1). The
magnetic field of the HMW coils presents a small gradient
so that the two interferometer arms see slightly different
magnetic fields and this gradient induces a Zeeman phase
shift; a compensator coil, placed in another region of the
atom interferometer, produces an opposite gradient which
is used to cancel the Zeeman phase shift. Finally, the
magnitudes of the fields are E (V/m) = 900 V with the
capacitor voltage V, up to 800 V and B = 0.56 I mT with
the coil current /, up to 40 A. @ypw 1s proportional to the
integral of the EB product and so to V1.

The atomic beam is a supersonic beam with lithium
seeded in a noble gas, with a mean velocity v,, which
scales as 1/ \/A_4 , where M is the atomic mass of the carrier
gas. We have varied v,, by using krypton (v,, = 744 =
18 m/s), argon (v,, = 1062 * 20 m/s), and neon (v,, =
1520 = 38 m/s). The beam velocity distribution is close to
Gaussian [15] with a 1/e half-width equal to v,, /S| where
the parallel speed ratio S varies with the source parame-
ters (nozzle diameter, pressure, temperature, carrier gas),
with typical values S| = 6-8. The signal intensity is very
good with neon and argon but considerably smaller with
krypton (see Table I).

Only the most abundant isotope 'Li contributes to the
interferometer signal [12,16]. The atomic beam is optically
pumped in the second vacuum chamber after the skimmer.
It is necessary to pump the atoms before collimation to
avoid heating of the transverse motion by radiation pres-
sure. We use the D1 line, because the 2P1 P level has a

larger hyperfine structure than the 2P, ,, level. Two circu-

3/2
larly polarized laser beams, respectively tuned on the 2§ 12>
F=1 —>2P1/2,F’ = 2and251/2,F= 2—>2P1/2,F’ =2
transitions excite the atoms. The first laser empties the
F = 1level and the second laser accumulates all the atoms
in the F = 2, mp = +2 sublevel, which is the only sub-
level not coupled to the lasers. We have characterized the
efficiency of this optical pumping process [17]: the fraction
of the population in the mp = +2 or —2 sublevel is near
90% or larger. As discussed above, it is necessary to
reverse the my value to separate the HMW and AC phases.
This is done by reversing the magnetic field in the pumping
region, so that the my value changes sign. Then, as the
direction of the magnetic field B is slowly varying in space,
an adiabatic argument proves that the projection my of the

TABLE I. For the three carrier gases, we give the measured
value of the mean signal intensity /,, the fringe visibility V for
extreme values of the HMW coil current, / = 0 and 1,,,, = 25 A
for krypton or I,,,, = 40 A for argon and neon.

Carrier gas I, (atoms/s) VY (I =0) V (L)
Krypton 0.7 X 10* 80% 26%
Argon 3.3 X 10* 75% 48%
Neon 5.6 X 10* 60% 34%

angular momentum F on an axis parallel to the local field is
constant everywhere.

The Zeeman effect of the F =2, mp = +2 (or —2)
sublevel is exactly linear so that the Zeeman phase shift
can be exactly compensated by the compensator coil which
operates in the field range corresponding to linear Zeeman
effect. This better compensation improves the fringe visi-
bility, which makes it possible to apply a larger current 1,
up to 40 A, in the HMW coil. However, there is some
residual dispersion of the Zeeman phase shift, because it
varies with the altitude of the atom trajectory, and the best
we can do is to compensate the mean Zeeman phase shift,
its residual dispersion reducing the fringe visibility for
large I values. Table I presents typical values of the mean
signal intensity I, and of the fringe visibility 'V measured
in low and high magnetic field. The phase sensitivity,
which scales like 1/("V\/I,), varies rapidly with the carrier
gas and with the HMW coil current.

As in our previous experiment, during each fringe scan,
we alternate field configurations in order to eliminate the
interferometer phase drifts. We define a field configuration
by its (V, I) values, V being the capacitor voltage and / the
current in the HMW coil, and we use six configurations:
0,0),((V,0),(V,I),(0,1),(—V,0),(—V,I).Fits extract the
fringe phase ¢(V, I) corresponding to each (V, I) configu-
ration. We average about 80 fringe scans, each scan lasting
20 s, to get a phase measurement. Then in successive runs,
we record signals for opposite values of the current / and for
opposite values of mp, mr = *2. As in our previous work,
we use the following combination of the measured phases:

eV, I mp) = @p,p(V, 1) — (V) — @p(I)
= o(V,I) — ¢(V,0) — ¢(0,1) + ¢(0,0),
3)

where ¢, 5(V, ) is the measured phase shift when the
electric and magnetic fields are simultaneously applied,
¢g(V) is the measured phase shift with the electric field
only, and ¢g(I) is the measured phase shift with the mag-
netic field only. There are four contributions to the observed
phases, namely the Stark phase ¢¢(V), the Zeeman phase
¢@z(I), the AC phase ¢c(V, I, mp), and the HMW phase
oamw (V, I). When V = 0, the electric field is negligible
and the Stark, AC, and HMW phases vanish. When I = 0,
there is still a laboratory field B, and the Zeeman and AC
phases are not vanishing. We get

ees(V, I, mp) = eumw(V, 1) + @ac(V, I, mp)
- QDAC(Vr =0, mF)- (4)
The AC phase, which is proportional to the atom mag-
netic moment, changes sign with my and by combining

orp(V, I, mp) with opposite my values, we extract the
HMW phase:

eamw(V. D) = [epp(V, 1,2) + @gp(V, I, =2)]/2.  (5)
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FIG. 2 (color online). The measured phase @gw(V, I) given
by Eq. (5) is plotted as a function of the VI product, in units of
10* VA, for V. = +800 V and V = —800 V.

There is a small systematic error in this extraction of
eumw(V, I) because the optical pumping efficiencies in
myp = +2and my = —2are slightly different. This residual
AC phase is always smaller than 10 mrad and depends only
on the applied voltage V. Thus it appears as an offset and it
cannot modify the slope of the HMW phase @uvw(V, I)
with the current /. In Fig. 2, we plot the measured values
oumw(V, I) as a function of the VI product for V =
*800 V: the variations are well represented by an equation
of the form @pyw(V, ) = a(VI) + B with an offset B.
This offset B is due to a phase shift which has already
been detected in our previous paper (see Fig. 7 of the
Supplemental Material belonging to Ref. [11]). Although
we have no explanations for this phase shift, extra measure-
ments proved that this phase is not topological and does not
depend on the current / in a wide range. In addition, it is an
odd function of the applied voltage V. As a consequence, it
cannot be the residual AC phase discussed above. We also
stress that its presence does not affect the HMW phase,
which appears in the slope « of the straight line.

For all the data, we used similar fit procedures to those
presented in Fig. 2 and, for each series of data, we correct
the measured @yvw(V, I) values by subtracting the offset
B of this series to get eipw (V. 1) = epvw(V, 1) — B. In
Fig. 3, we plot all the corrected values @{w(V, 1) as a
function of the VI product. The slope of ¢f\w (V. I) vs VI
is worked out from a linear fit of all the data points:

oianw (V. )/(VI) = (141 = 0.24) X 1076 rad/VA
for v,, = 744 = 18 m/s,

oéarw (V. D/(VI) = (1.315 = 0.071) X 1076 rad/VA
for v,, = 1062 = 20 m/s,

Oinnw (V. D/ (VD) = (1.270 + 0.072) X 1076 rad/VA
for v,, = 1520 = 38 m/s,

where the error bars are statistical 1o error bars.
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FIG. 3 (color online). The corrected HMW phase ¢ w(V, 1)
is plotted as a function of the VI product (in units of 10* VA).
Panel (a) experiment with argon as carrier gas, v,, = 1062 =
20 m/s; panel (b) experiment with neon as carrier gas, v,, =
1520 = 38 m/s; panel (c) experiment with krypton as carrier
gas, v,, = 744 * 18 m/s. The full (black) line is the best fit
while the predicted value of @yyw is represented by a dashed
(red) line: these two lines almost coincide except in panel (c).

Using the theoretical expression, Eq. (1), lithium atom
polarizability aq; [18,19] and the geometry of the capaci-
tors and of the HMW coil [11], we can predict the value of
HMW phase opyw(V, I)(rad) = (1.28 = 0.03) X 107°VI
with VI in VA. The uncertainty, near 2.5%, comes solely
from the geometry of the capacitors and of the HMW coil,
the theoretical ay; value being very accurate. The three
measured slopes are in very good agreement with the
expected value. Moreover, these slopes are independent
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FIG. 4 (color online). Plot of ¢fmw(V,I)/(VI) (in units of
107% rad/VA) as a function of the mean atomic beam velocity
v,,: the experimental results are compared to the theoretical
value, represented with its error bar by the (blue) horizontal
band. The shaded areas represent what would be the phase if,
starting from its value at 1062 m/s, the HMW phase was varying
like 1/v% with @ = 1 (green) or @ = 2 (pink).

of the atom velocity, in agreement with the fundamental
property of a topological phase. In Fig. 4, a potential
velocity scaling in 1/v,, or 1/v2, which are the velocity
dependence of dynamical phases, either due to an homo-
geneous perturbation applied to one interferometer arm
(1/v,,) or to a uniform force field applied to both arms
(1/v2) [20]. Clearly, these three data points completely
rule out a 1/v,, dependence and, more strongly, a 1/v?,
dependence.

In conclusion, we measured the He-McKellar-Wilkens
phase by atom interferometry. We have improved our first
experiment by an optical pumping of the lithium atomic
beam in the F = 2, mp = +2 (or —2) ground state sub-
level. This pumping provides two main advantages: the
stray phase shifts due to averaging over the F, my sublevels
have disappeared and it has been possible to operate with
larger magnetic fields because the fringe visibility remains
good up to large fields. The Aharonov-Casher phase, which
now contributes to the measured phase shift, is separated
from the HMW phase by combining experiments with
opposite my levels.

We have observed in the present experiment a phase
shift odd in the applied voltage and independent of the
magnetic field. This phase shift, which was already
observed in our previous experiment, appears as an offset
of the measurement of the HMW phase and it is easy to
subtract this offset. The resulting data set is of good quality
and we have measured the slope ¢\ (V, I)/(VI) for three
mean velocities v,, of the lithium beam, covering the range

744-1520 m/s. These three measurements agree very well
with the expected theoretical value of the HMW phase,
calculated from the geometry of our experiment, and they
are also fully consistent with the independence of a topo-
logical phase with atom velocity.
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