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Abstract — In this letter, we report a measurement of the Aharonov-Casher (AC) geometric
phase with our lithium atom interferometer. The AC phase appears when a particle carrying a
magnetic dipole propagates in a transverse electric field. The first measurement of the AC phase
was done with a neutron interferometer in 1989 by A. Cimmino et al. (Phys. Rev. Lett. 63, 380,
1989) and all the following experiments were done with Ramsey or Ramsey-Bordé interferometers
with molecules or atoms. In our experiment, we use lithium atoms pumped in a single hyperfine-
Zeeman sublevel and we measure the AC-phase by applying opposite electric fields on the two

interferometer arms.

Our measurements are in good agreement with the expected theoretical

values and they prove that this phase is independent of the atom velocity.

In 1984, Y. Aharonov, and A. Casher [1] discovered
the geometric phase which is called by their name. This
phase appears when a particle with a magnetic dipole in-
teracts with an electric field perpendicular to both the
particle velocity and to the magnetic dipole. This phase
had also been discussed by J. Anandan [2], who did not re-
mark its unusual properties. The Aharonov-Casher (AC)
phase is the second example of a geometric phase, after
the Aharonov-Bohm phase [3]. A third geometric phase
predicted in 1993/1994 by X.-G. He, B.H.J. McKellar [4]
and by M. Wilkens [5] is now named the He-McKellar-
Wilkens (HMW) phase, and we have recently measured
this phase [6,7]. This phase appears, if an electric dipole
travels in a magnetic field B and if the scalar triple prod-
uct of the dipole, B and the velocity vectors is not zero.
All these phases belong to the general class of geometric
phases discussed by M.V. Berry in 1984 [8,9] and they are
very interesting because they strongly differ from dynami-
cal phases: geometric phases modify the wave propagation
in the absence of any force on the particle; they are inde-
pendent of the modulus of the particle velocity but they
change sign if the velocity is reversed.

In the present letter, we describe measurements of the
AC phase shift using a separated-arm "Li atom interfer-
ometer using Bragg diffraction on laser standing waves.

The internal quantum state of the atom is the same in

the two interferometer arms and we apply opposite elec-
tric fields and a common magnetic field on the two inter-
ferometer arms. The atom fringes are phase shifted by
both the AC and the HMW phases. The AC phase is
proportional to the atom magnetic dipole moment, thus
depends on the magnetic sublevel, while the HMW phase
is independent. By combining measurements made with
the "Li atoms pumped in F = 2 either in my = +2 or in
mp = —2, we can extract both phases. In the following,
we focus on the AC phase measurements. As explained
below, this is the first AC phase measurement of this type
and the sensitivity of our atom interferometer has enabled
us to test the velocity dependence of this phase.

Since its theoretical discovery, the AC phase has been
tested in five different experiments [10-15]. We recall in
table 1 the main parameters of these experiments. In the
first experiment done in 1989 by A. Cimmino et al. [10]
with a neutron interferometer, supplementary phase shifts
of magnetic and gravitational origins were needed in or-
der to measure a spin-dependent phase with unpolarized
neutrons. The four following experiments were based on
Ramsey or Ramsey-Bordé interferometry with atoms or
molecules. In these experiments, the atom or molecule
propagates in a quantum superposition of internal states
with different magnetic moments and the AC phase shift
appears directly as a shift of the fringe signal. We do not
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Table 1: Previous measurements of the AC phase. p is the magnetic dipole moment and pp the Bohr magneton. FE,,q is the
maximum electric field strength, A mae i the maximum AC phase and v is the particle velocity. Ref. [14] and ref. [15] did

not probe the same quantum superposition configuration, which

explains the larger ratio Y ac,maz/Emaz of [15].

Species /B Eraz QAC,maz  EITOL v
(MV/m) (mrad) (%) (m/s)
n [10] 1.0 x 1073 30 2.19 24 2630
TIF [11] 1.4 x 1073 3 2.22 4 220 — 340
TIF [12] 1.4 x 1073 2 2.42 2 188 — 366
85Rb [13] 1/3 0.9 150 1.4 300 — 650
40Ca [14] 3/2 1 35 2.2 643 —698
40Ca [15] 3/2 4.4 314 2.9 650,810
use such quantum superpositions in our experiment: the Collimation slits Standing laser waves

atom is in the same internal quantum state in the two
interferometer arms and we deduce the AC phase by com-
paring the fringe phase shift measured during experiments
made with different atom quantum states.

The AC phase is given by:

pac =~z @ x ul-dr 1)

where p is the particle magnetic dipole and E the elec-
tric field. A.G. Klein [16] remarked that, at first order in
v/c, the AC phase can be interpreted as the interaction of
the magnetic moment p with the motional magnetic field
B0t & — (v x E) /c? seen by the particle in its rest frame
moving with the velocity v. In the presence of a magnetic
field B, the particle interacts with the total field B+ B0t
and this interaction induces a phase shift ¢z 4¢c due to
the sum of the Zeeman and AC phase effects:

pzracFume) = =5 § Brne (B + Bua)dt  (2)
where Ep . (]B + Bmot|) is the energy of the (F,mp)
sublevel in the presence of the field. We measure the AC
phase by measuring the variation of ¢ziac due to the
presence of B,,o;. In our experiment, By, < 1078 T is
always considerably smaller than B > 10~® T, and the
AC phase can be written as:

1 [ 0Fpm, )
vac(F,mp) = —ﬁj{aFT (Brot - €p) dt (3)

where ép is a unit vector parallel to B, ég = B/B: only
the component of B,,,: parallel to B contributes to the
AC phase.

Our Mach-Zehnder atom interferometer has been de-
scribed in detail [17] and it is schematically represented
in figure 1. The atomic beam is produced by a super-
sonic expansion of natural lithium seeded in a large excess
of a noble gas which fixes the mean beam velocity v,, of
the lithium atoms: v, scales like 1/ VM, where M is the
noble gas atomic mass (see table 2). The beam velocity

Source compensator

coil

Optical pumping Interaction cell

0,6m 0,6m

Fig. 1: (Color online) Schematic top-view of our atom in-
terferometer (not to scale): a supersonic lithium is optically
pumped, collimated and crosses three laser standing waves,
which diffract the atom waves in the Bragg regime. A coil,
mounted at mid-distance between the first standing waves pro-
duces a compensating magnetic field gradient. The interaction
cell is mounted just before the second laser standing wave (see
Figure 2 for details.)

distribution is well described by a Gaussian [18,19] with
a 1/e half-width equal to v,,/S) where S| is the parallel
speed ratio. S| depends on the source parameters (nozzle
diameter, pressure, temperature, carrier gas), with typical
values S| = 6 — 8 in our experiment.

The lithium beam is optically pumped and collimated.
Then, it crosses three laser standing waves which diffract
the atom wave in the Bragg regime: first-order diffraction
is used to split, reflect and recombine the atomic waves.
The laser used to produce the standing waves is a sin-
gle frequency dye laser. Its wavelength Ap is chosen on
the blue side of the 281/2 —>2P3/2 transition of “Li at 671
nm: this choice and the natural abundance of "Li (92.5%)
explain the fact, that only “Li contributes to the interfer-
ometer signal [17,20]. This signal can be written as:

I=1)[14+Vcos(pq+ ¢p)] (4)

where I is the mean signal intensity and V the fringe vis-
ibility. g4 is the diffraction phase, g = 4m(x; — 222 +
x3)/AL with z; the position of the mirror M; (i=1,2,3),
and ¢, the phase due to various perturbations. The
phase sensitivity, i.e. the minimum detectable phase for
an one-second data recording is proportional to @.,in =
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Fig. 2: (Color online) Schematic drawing of our interaction
cell (not to scale). A double capacitor produces opposite elec-
tric fields E (blue) in the horizontal plane. The high voltage
electrodes are surrounded by grounded guard electrodes (light
blue). Two coils (yellow) produce a vertical magnetic field B.
The magnetic dipole (red) p is parallel or antiparallel to the
magnetic field, depending on the pumped level. Each interfer-
ometers arm (green) passes through a different capacity.

1/(V/Iy). Table 2 summarizes the typical values of Iy,
V and @, as a function of the carrier gas used in our
experiment.

Table 2: The mean lithium beam velocity v,,, the mean signal
intensity Io, the fringe visibility V and the phase sensitivity
©min measured with the three carrier gases. Iy is large with
neon and argon but considerably smaller with krypton, while
V has opposite variations. ¢min has comparable values with
neon and argon and is about half as much with krypton.

carrier gas U Iy % POmin

M (a.m.u.) (m/s) ‘ (103 ¢/s) ‘ % ‘ mrad/vHz
Ne: 20.2 1520 + 38 56 60 7.0
Ar: 39.9 1062 + 20 33 75 7.3
Kr: 83.8 744 + 18 7 80 14.9

The lithium de Broglie wavelength is A\gp = 5.7 X
1078 /vy, with A\gp in m and v, in m/s, and the first
order diffraction angle is § = 2 \gg/Ar, =~ 0.17/v,, rad,
for example, with argon as a carrier gas, A\¢qp ~ 54 pm
and 6 ~ 160 prad. The distance between the interferome-
ter arms, which is maximum at the second laser standing
wave, is approximately equal to 143 (krypton), 100 (ar-
gon) and 70 pm (neon), which is sufficient to introduce a
septum [21] between the two interferometer arms.

We have built the present experiment to measure the
HMW phase shift, using an arrangement inspired by the
ideas of H. Wei et al. [22], with opposite electric fields on
the two interferometer arms and a common homogeneous
magnetic field [6,23]. Figure 2 shows the interaction cell.
It consists of a double plane capacitor used to produce
the needed electric fields and the capacitor assembly is
inserted in a support which holds two coils producing the

magnetic field.

The two capacitors share the septum as a common,
grounded electrode. The electric field vector lies on the
horizontal plane, with opposite values on the two interfer-
ometer arms and a magnitude of E,,., ~ 0.7 MV /m for
the maximum applied voltage V' = 800 V and it extends
over a 48 mm length. Each high voltage electrode is sep-
arated by 1 mm-wide gaps from two 5 mm-long grounded
guard electrodes, in order to have well defined fringing
fields.

The two coils produce a magnetic field B along the ver-
tical axis and with a current of /=40 A, we obtain a field
strength of B.,;;=22.4 mT. This magnetic field is needed
for the observation of the HMW effect but its presence
is also important for the observation of the AC phase, as
discussed in equation (3) and also because the magnetic
moment of a hyperfine-Zeeman sublevel is parallel or an-
tiparallel to the local magnetic field. The magnetic field
produced in the interaction region has a small gradient
along the z-direction so that it has slightly different val-
ues on the two interferometer arms, which results in a
Zeeman phase shift. We have introduced a compensator
coil to produce an opposite gradient, thus canceling the
Zeeman phase shift. This compensator coil is located at
mid-distance between the first and second laser standing
waves (see figure 1).

As already mentioned, we optically pump the lithium
atoms in one Zeeman-hyperfine ground state sublevel F' =
2,mp = 42 (or mp = —2) [24]. The optical pumping is
performed before beam collimation in order to avoid heat-
ing the transverse motion by exchange of photon momenta
(radiation pressure). We control the magnetic field in the
pumping region by three pairs of square Helmholtz coils.
The D1 line of lithium is used because of the larger hyper-
fine splitting of the 2P, /2 state. Two circularly polarized
laser beams are tuned to the 251/2, F=1— 2P1/2, F=2
and the 251/2,F =2 = 2P1/2,F = 2 transitions. The
first laser beam empties the F' = 1 level, while the sec-
ond one pumps the atoms into the F' = 2, mp = +2 level,
depending on the chosen circular polarization and on the
magnetic field direction.

As discussed below, we separate the HMW and AC
phases by reversing the mp value which is obtained by re-
versing the magnetic field in the pumping region. The mp
value measured on an axis parallel to the local magnetic
field is conserved along the atom propagation, if the con-
dition for an adiabatic transport is fulfilled and our mea-
surements of the pumping efficiency rule out any Majorana
spin-flip of the optically pumped atoms along their prop-
agation. We have characterized the pumping efficiency by
an atom interferometric method and we have found that
the pumped sublevel has a fraction of the total population
near 95 + 5% [24]. Our results are recalled in table 3.

For the 25,5, F = 2,mp = =2 sublevels of "Li,
|i/pup| = 1. Using eq. (3) and assuming B, paral-
lel to ep, we predict an AC phase slope |0pac/dV| =
(8.57+£0.05) x 10~° rad/V with an uncertainty due to the
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Table 3: The measured population P(F = 2, mr) after optical
pumping for different atom velocities v, [24].

U (m/s) | mp | P(F =2,mp)
744 +2 (96 £6) %
-2 (93 £7) %
1062 +2 (100 +13)%
-2 (95 £11)%
1520 +2 (90 +1) %
-2 (94 +2) %

capacitor geometry. We thus predict |[@a¢c| ~ 69 mrad for
the largest voltage V =800 V.

As explained in our papers [6,7,23], we eliminate in-
terferometer phase drifts by alternating 6 field configu-
rations, (V,I), (V,0), (0,I), (=V,0), (=V,I) and (0,0)
during each 20 second-long fringe scan. Least-square fits
are used to extract the phase ¢(V, I, mp) corresponding to
each field configuration and to an optical pumping in the
F =2, mpr = +2 sublevel. We reduce the statistical uncer-
tainty by averaging the results of about 80 similar fringe
scans. Successive experiments are made with opposite val-
ues of the current I and of the mp value. Five effects
contribute to the measured phase shifts. There are two
related to the residual polarizability and Zeeman phases
due to the differences of electric fields and magnetic fields
on the two interferometer arms. The third concerns the
HMW phase ogpw (V,I) and two others the AC phases
vac(V,I) and @ ac(V, I = 0). The following combination
cancels the residual Stark and Zeeman phases:

orp(V,I,mp) = p(V,I) = ¢(V,0) = (0,1) +¢(0,0) (5)

and orp(V,I,mp) is equal to:

oavw (V. I) 4+ oac(V,I,mp)
_SDAC(Va I= Oa mF)

QQEB(V,I,mF) =
(6)

Following equation (3), pac(V,I = 0,mp) is sensitive to
the laboratory residual magnetic field B, when I = 0.
Biap is about 35 T and the field is mainly oriented down-
wards along the y-axis. If we apply a coil current I > 5A,
the coil magnetic field B, is always larger than 2.8 mT
and B = B, + By is nearly perfectly vertical. As the
HMW phase does not depend on mg while the AC phase
changes sign with mp, we extract the contributions due
to the AC phase thanks to the linear combination :

PacV D) = lees(V,1,2) —prp(V,1,-2)] /2 (7)

Following equation (6), ¢%&(V, I) should be equal to the
theoretical value:

ex,
04C (VD) (mrad)
150
= V=+550V
1 e vV=-55V _ & & 4

50 4

0

-50 4

-100

-150 T T T T T T T T T
-40 -30 -20 -10 0 10 20 30 40
1(4)

Fig. 3: (Color online) The AC phase ¢5Z(V,I) defined by
equation (7) is plotted as a function of the applied current for
two voltages V' = £550V. The sign pac(V, I, mr) is related to
the sign of I and its absolute value is larger than pac(V,I =
0, mr), due to the better verticality of B, as shown by equation

3)

(pixmcz‘)(va I) = (pAC(‘/a 132) - SDAC(VaI = 0a2) (8)

Figure 3 shows typical measurements of the AC phase
©G&(V,I) for two voltages V' = £550 V as a function
of the current I. For a given sense of I, 5% (V, 1) does
not vary significantly with the current as expected but
048 (V,I) changes sign when we reverse the current I
and the magnetic field B. For I < —5 A, B is ob-
viously pointing in a direction opposite to the one of
Biapy and @ac(V,I,mp) has a sign opposite to the one
of oac(V,I = 0,mp). As the modulus of psc(V, I, mp)
is larger than the one of pac(V,I = 0, mp), the modulus
of 48 (V,I) is small but non vanishing when I < —5 A.
For I > 5 A, the situation is reversed, with pac(V, I, mp)
and @ac(V,I = 0, mp) having the same sign and adding
their contributions to ¢34 (V. I).

Using equation (8), the AC phase in the presence of the
applied magnetic field B, pac(V,I,2), can be extracted
by the linear combination:

pacVilT) = 5 W52V, 1) — 52V, =D] (9)
and pac(V,]I]) must be equal to pac(V,1,2). Figure 4
shows @ac(V,]I]) as a function of V for different values
for |I].

The data points plotted with their 1o error bars rep-
resent a quasi linear behaviour and a least-square fit pro-
vides a slope equal to (—8.51 & 0.18) x 1075 rad/V and
a zero-compatible offset (0.2 £+ 1.2) mrad. We performed
similar experiments and data analysis with the three dif-
ferent mean velocities of the lithium beam. The results
are collected in Table 4 and plotted in Figure 5.

However, the optical pumping is not perfect and we
must take this into account for a more realistic estimate
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Fig. 4: The AC phase ¢ac(V,|I]), defined by equation (9), is
plotted as a function of the applied voltage V for an experiment
with a mean lithium velocity v,,=1062 m/s. The data points
(black circles) exhibit a linear behaviour and the dashed line
represents the best least-square fit.

of the AC phase. The interferometer signal (eq. (4)) is
the sum of the contributions of the 8 Zeeman-hyperfine
sublevels:

I = I, Y P(F,mp)

F,mF

[1+ V(F,mp)cos (ga + pac(F,mp))]

(10)

where P(F, mp) is the normalized population of the F, mp
sublevel and, for simplicity, we have omitted all the pertur-
bation phases except the AC phase. The contributions of
the mp # +2 sublevels play a minor role for three reasons:
their populations are small, the AC phase change sign with
the sublevel and the visibility V(F, mp) of their contribu-
tions should be small, because the compensator produces a
low magnetic field which compensates exactly the Zeeman
phase shift only for the mp = +2 sublevels for which the
Zeeman effect is purely linear. As a consequence, we con-
sider that the contributions from the mp # +2 sublevels
can be neglected and then, a straightforward calculation
shows that our experiment measures a corrected AC phase
with a weight function of the populations of the popula-
tions P(F = 2,mp = £+2):

P(2,mp) - P(Q, 7mF)
P(2,mp) + P(2,—mp)

Pac(mr) = pac(mr) (11)
when the optical pumping aims at populating the F' =
2, mp sublevel. We thus get more realistic theoretical es-
timates of the measured AC phases (see Table 4) with
errors bars which take into account the errors on the pop-
ulation measurements [24] and on the capacitor geometry.

Table 4: Our measurements of the AC phase slope dpac/OV
in 107° rad/V are compared to the theoretical values corrected
for imperfect optical pumping (see eq. (10)).

‘ Dpac|OV ‘ ¢4/ OV
v (m/s) | experiment theory
1520 £18 | —8.05+0.20 | —7.86 £0.12
1062 +20 | —8.51£0.18 | —8.561 £ 0.88
744 £18 | —8.44+0.41 | —8.40+0.48

Our measurements are in excellent agreement with these
corrected theoretical values. Moreover, our results are in
very good agreement with an AC phase independent of
the atom velocity, as illustrated in Figure 5.

In conclusion, we have measured the Aharanov-Casher
(AC) phase by atom interferometry using optically
pumped lithium atoms. Our separated arm interferome-
ter operates with atoms in a single internal quantum state
and two opposite electric fields are applied on the inter-
ferometer arms to realize the AC measurements. This ap-
proach to measure the AC phase is new, as all previous
works used either unpolarized neutrons [10] or Ramsey or
Ramsey-Bordé interferometers with atoms and molecules
[11-15].

Our measurements were performed during the study of
the He-McKellar-Wilkens (HMW) phase and we had not
optimized the setup for the measurement of the AC phase.
In particular, a better control of the residual magnetic
field in the interaction region would have simplified the
analysis. We have verified that the AC phase depends lin-
early on the electric field strength. We have performed
AC phase measurements for three different mean veloc-
ities of the atomic beam (744, 1062 and 1520 m/s) and
these measurements are in good agreement with the fact
that this phase does not depend on the atom velocity, a
characteristic of a geometric phase. Our measurements,
with a statistical uncertainty close to 3%, agree with their
theoretical estimates, which have a considerably larger un-
certainty due to their sensitivity to the population distri-
bution over the Zeeman-hyperfine sublevels. The optical
pumping of the lithium beam is quite efficient, with about
95 £ 5% of the population transferred in the pumped sub-
level, but a better pumping, which is feasible [27], would
reduce the uncertainty on the theoretical values of the AC
phase.
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Fig. 5: (Color online) Plot of the slope of the AC phase
Opac(V)/0V as a function of the mean atom velocity vy,. The
experimental results (black squares) are compared to the theo-
retical value (blue horizontal band) which assumes a perfect
optical pumping. The corrected theoretical values are rep-
resented by blue circles slightly displaced at the right of the
experimental values for better visibility). The shaded areas
represent what would be the phase if, starting from its value
for v, = 1062 m/s, the AC phase was varying like 1/vy, with
a =1 (green) or o = 2 (red).
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