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Ramsey interferometry is a key technique for precision spectroscopy and for probing the coherence
of quantum systems. Typically, an interferometer is constructed using two quantum states and involves
a time-dependent interaction with two short resonant electromagnetic pulses. Here, we explore a differ-
ent type of Ramsey interferometer where we perform quantum state manipulations by geometrical means,
eliminating the temporal dependence of the interaction. We use a resonant tripod scheme in ultracold stron-
tium atoms where the interferometric operation is restricted to a two-dimensional dark-state subspace in
the dressed-state picture. The observed interferometric phase accumulation is due to an effective geometric
scalar term in the dark-state subspace, which remarkably does not vanish during the free evolution time
when the light-matter interaction is turned off. This study opens the door for more robust interferometers
operating on multiple input-output ports.
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Ramsey interferometry employs temporally separated
electromagnetic pulses to probe the energy difference and
the coherence between two quantum states [1,2]. Whether
employing internal, external, or both states of atoms, Ram-
sey interferometers have become essential tools to probe
quantum states in quantum simulations [3,4], in quan-
tum computing [5], in interband spectroscopy [6], and in
atomic clocks at or below the quantum projection noise
limit [7,8], to name a few.

In contrast to the majority of Ramsey interferometers
that rely on the dynamical evolution of the system medi-
ated through light-matter interaction, we explore here a
geometric Ramsey interferometer governed by adiabatic
evolution in the degenerate dark-state subspace of a tri-
pod scheme. We find that the phase accumulation during
the free evolution time arises from a geometric scalar
potential. Surprisingly, this potential retains its physical
significance even when the pulses are turned off as long
as the dressed states of interest remain adiabatically con-
nected to the bare states. Geometric scalar potentials are
at the origin of the so-called dark optical lattices [9–11],

*Corresponding author: chetansr001@e.ntu.edu.sg
†Present address: Bennett University, Greater Noida 201310,

India.

and have been employed to create subwavelength barri-
ers in an effective spin [12] or spinless [13] configuration.
Though the geometric scalar potential plays a role in shap-
ing periodic potential, it is essentially overlooked in the
bulk because of the moderate strength in comparison with
commonly used optical potentials [14,15].

The interferometer operates on an ultracold gas of 87Sr
atoms. The gas is prepared using a two-stage magneto-
optical trap [16,17], followed by evaporative cooling in
a crossed-beam optical-dipole trap [18]. We then obtain a
quantum degenerate Fermi gas comprised of N = 4.5(2) ×
104 atoms in the mF = 9/2 stretched Zeeman substate at
a temperature of T0 = 50(3) nK. This temperature corre-
sponds to T0/TF = 0.25(2), where TF is the Fermi tem-
perature. Additionally, T0/TR = 0.21(2), where TR is the
recoil temperature associated with the tripod transitions.
After evaporative cooling, the optical trap is switched off,
and a magnetic field bias is turned on to isolate a tripod
scheme on the 1S0, Fg = 9/2 → 3P1, Fe = 9/2 hyperfine
multiplet of the intercombination line at 689 nm [19].
Three laser beams resonantly couple the three internal
ground states |a〉 ≡ |Fg , mF〉, with a = {1, 2, 3} and mF =
{5/2, 7/2, 9/2}, respectively, to a common excited state
|e〉 ≡ |Fe, mF = 7/2〉, as shown in Figs. 1(a) and 1(b).
The light-matter interaction is characterized by three com-
plex Rabi frequencies �a, associated with the |a〉 → |e〉
transitions.
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FIG. 1. Schematic showing the implementation of the geomet-
ric Ramsey interferometry pulse sequence. (a) Energy levels of
87Sr atoms involved in the tripod scheme. A bias magnetic field
of 67 G shifts adjacent excited magnetic states by approximately
930�, where �/2π = 7.5 kHz is the linewidth of the intercom-
bination line. (b) The spatial configuration of the tripod beams.
(c) Relative Rabi frequencies of the tripod beams as a func-
tion of time. The Gaussian pulses are parameterized as �a(t) =
|�0a|e−(t−t(j )a )2/4σ 2

t , where |�0a| is the peak Rabi frequency with
a = 1, 2, 3,

√
2σt is the temporal standard deviation, and t(j )a are

the centers of the Gaussian pulses for the π/2 pulse (j = 1) and
−π/2 pulse (j = 2). The pulse sequence corresponds to t(j )1 =
t(j )3 − ησt, t(j )2 = t(j )3 + ησt, t(1)

3 = 4σt, and t(2)

3 = t(1)

3 + 8σt + T,
with |�01| = |�02| = 2|�03| ≈ 2π × 260 kHz and η is the sep-
aration parameter with a value of 1.8. Here, the length of π/2
pulses is defined as the duration of the σ− Gaussian pulse, i.e.,
8σt. Therefore, the separation between two π/2 pulses, T, is
defined as the free evolution time.

Our geometric Ramsey interferometric sequence con-
sists of a π/2 pulse and a −π/2 pulse, temporally sepa-
rated by a free evolution time T as sketched in Fig. 1(c).
The first π/2 pulse, composed of three Gaussian pulses,
puts the atoms initially in the |3〉 state into a coherent
superposition of |3〉 and |1〉 states, ideally with equal prob-
abilities. The relative population of the output states does
not depend on the pulse duration, due to its geometrical
nature. It is instead controlled by the relative peak Rabi fre-
quency amplitude |�03| of beam 3 with respect to the peak
Rabi frequency amplitudes of beams 1 and 2, which are
set equal, namely |�01| = |�02| [21]. The second pulse,
closing the interferometer, is a −π/2 pulse, meaning that,
without any further phase accumulation, the second pulse
brings back the atom into its initial state, namely |3〉. Here,
an extra phase accumulation between the two arms occurs
reducing the population of |3〉 at the interferometer output,
as shown in Fig. 2 (red squares). Importantly, we note that
the remaining population, instead of going to the state |1〉

(a)

(d)

(b) (c)

FIG. 2. (a)–(c) Fluorescence images of the ultracold gas after
9 ms of time of flight; see Ref. [20] for more details. The images
are taken before the first pulse (t = 0), during the free evolu-
tion time (t = 18 µs), and after the second pulse (t = 48 µs),
respectively. Each peak in the momentum distribution is associ-
ated with a bare state as indicated in each panel. We extract the
bare state populations by fitting each peak to a two-dimensional
(2D) Gaussian distribution. (d) Populations of the bare states dur-
ing the interferometric sequence, with σt = 2.5 µs and T = 6 µs.
The experimental data points are plotted with markers with the
error bars representing one standard deviation confidence. The
solid and dashed curves represent the numerical integration of
Eq. (4) (see Ref. [20] for more details) for temperatures of 0
and 50 nK, respectively. The dotted curve represents the zero
temperature theoretical expectations, without the scalar term Q̂.

(blue circles) as expected for a standard two-level Ramsey
interferometer, is now transferred to state |2〉 (green tri-
angles). This unusual behavior originates from the order of
the Gaussian pulses acting on the tripod scheme. As shown
in Fig. 1(c), the second pulse sequence is a temporal mir-
ror image of the first one, so the beam 1 pulse, which is
finishing the sequence, prevents population in state |1〉 as
expected for any STIRAP scheme [22].

To confirm the phase-sensitive nature of the experiment,
we purposely apply a phase jump � to the beam 3 at the
center of the free evolution sequence when the laser is con-
sidered to be turned off. As expected, the interferometric
readout from the atomic bare state populations after the
second pulse shows a sinusoidal evolution as a function
of the introduced phase jump [see Fig. 3(a)]. We note that
a phase jump of � = π rotates the interferometer output
fringe by half a period.

During the free evolution time T, a phase accumulation
occurs, which has a simple physical origin in the bare-state
picture. The coherent transfer between the state |3〉 and the
state |1〉 redistributes a photon between the beams 3 and
1, which leads to a momentum kick of 2prŷ on the atom,
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(a)
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FIG. 3. (a) Interference fringes generated with an abrupt phase
change of the beam 3 coupling the |3〉 → |e〉 transition. This
phase jump � is introduced at the middle of the free evolution
time, T = 6 µs. The solid and dashed curves represent the numer-
ical integration for temperatures of 0 and 50 nK, respectively.
(b) Populations of bare states after the Ramsey pulse sequence
as a function of free evolution time T. The black solid curves
represent a fit using an exponentially damped oscillation. The
colored dashed curves are the predictions of the adiabatic model;
see Ref. [20] for more details.

as shown in Fig. 2(b). Here, pr = �k is the recoil momen-
tum associated with a λ = 689-nm photon, � is the reduced
Planck constant, and k = 2π/λ is the wave number of the
light field. Therefore, the phase accumulation corresponds
to 	EkT/�, where 	Ek = 2p2

r /m is the kinetic energy dif-
ference between the two bare states and m is the atomic
mass. We fit the Ramsey interferometer output evolution as
a function of T with a damped oscillation and find an angu-
lar frequency of 2π × 19.8(16) kHz [see black solid curves
in Fig. 3(b)], in agreement with the theoretical prediction
of 	Ek/� = 2π × 19.2 kHz.

At finite temperature, the oscillation is damped due
to the momentum dispersion of the gas. In Fig. 3(b),
we observe a good agreement of the experiment with an
adiabatic model at a temperature T0 = 50 nK (see col-
ored dashed curves), indicating that the temperature is the
dominant dephasing mechanism limiting the experimental
coherence time. Deviations from the model prediction are
mainly due to a residual diabatic contribution; for more
detail, see Ref. [20]. The damping time, extracted from

the fit, is found to be τ = 23(4) µs. Since τ	Ek/� � 1,
only a few oscillations are visible, limiting the sensitiv-
ity of the frequency measurement. The coherence time
can be improved either by reducing the temperature using
for example delta-kick cooling [23] or by post-selection
of a narrow momentum window after a long time of
flight [24]. Alternatively, Mach-Zehnder or Ramsey-Bordé
types of interferometric pulse sequence can be in principle
implemented to limit the dephasing due to temperature.

A rigorous theoretical treatment of the geometric Ram-
sey interferometer can be done with a brute-force diagonal-
ization of the time-dependent Hamiltonian of the system.
However, physical interpretation together with significant
simplifications are possible by changing the original bare-
state basis to the dressed-state basis of the internal Hamil-
tonian, defined by two long-lived zero-energy dark states,
namely

|D1(r, t)〉 = sin ϕ(t)e2iky |1〉 − cos ϕ(t)eik(y−x)|2〉,
|D2(r, t)〉 = cos ϑ(t)(cos ϕ(t)e2iky |1〉 + sin ϕ(t)eik(y−x)|2〉)

− sin ϑ(t)|3〉, (1)

and two bright states that contain the bare excited state,
so subject to a fast decay by photon spontaneous emis-
sion. Moreover, the bright states are light shifted by ±��,
where ϑ = cos−1 (|�3|/�), ϕ = tan−1 (|�2|/|�1|), and
� =

√
|�1|2 + |�2|2 + |�3|2 [14].

A first simplification occurs because the internal state
evolution can be restricted to the dark-state subspace.
Indeed, the bright-state light shift corresponds to the high-
est energy scale of the problem (� � 2π × 410 kHz),
and the initial bare state |3〉 is adiabatically connected
to |D2〉 [25]. Overall, the populations of the bright states
remain negligible during the Ramsey sequence. This point
is experimentally checked noticing that there is no signif-
icant heating of the gas after the Ramsey sequence (for
more details, see Ref. [20]). Limiting ourselves now to
the dark-state subspace, the effective Hamiltonian reads
[25,26]

Ĥ = p̂2 ⊗ 1

2m
− Â · p̂

m
+ Q̂ + ŵ, (2)

where 1 is a two-dimensional identity operator defined in
the dark-state subspace and the operators Â, Q̂, and ŵ have
the respective matrix entries

Aμν = i�〈Dμ|∇Dν〉,

Qμν = �2

2m
〈∇Dμ|∇Dν〉,

wμν = −i�〈Dμ| ∂

∂t
Dν〉. (3)

L051001-3



MADASU, RATHOD, KWONG, and WILKOWSKI PHYS. REV. APPLIED 21, L051001 (2024)

Since |∇| ∼ k and the size of the momentum distribution
is smaller than the recoil momentum pr, as a second sim-
plification, we neglect the kinetic and spin-orbit coupling
contributions with respect to the scalar term Q̂, i.e., the first
and second right-hand-side terms of the Hamiltonian in
Eq. (2), respectively. The state evolution in the dark-state
subspace is then given by the unitary transformation

Û(t) = T exp
[
−i

∫ t

0

(
Q̂(t′) + ŵ(t′)

)
dt′

]
, (4)

where T is the time-ordering operator. From the spatial
configuration of our tripod beams [see Fig. 1(b)], we derive
the following expression for the scalar term:

Q̂ = − p2
r

2m

(
2(1 + sin2 ϕ) cos ϑ sin 2ϕ

cos ϑ sin 2ϕ 2 cos2 ϑ(1 + cos2 ϕ)

)

(5)

and the final term on the right-hand side of Eq. (2) reads

ŵ = � cos ϑ
∂ϕ

∂t
σ̂y , (6)

where σ̂y is the y-component Pauli matrix. The operator ŵ
plays a key role since it is responsible for the geometric
atomic beam splitting [15,21,27]. We also note that this
term has no specific energy scale since it depends on the
temporal profile of the Gaussian pulse. The latter has to
be slow enough to fulfill the adiabatic condition, namely
〈ŵ〉 � ��, at all times.

The solid curves in Figs. 2(d) and 3 are obtained through
numerical integrations of Eq. (4), whereas the projections
onto the bare states are extracted from Eq. (1). The dashed
curves are obtained by averaging over the momentum dis-
tribution of our thermal sample, with a temperature of
T0 = 50 nK. Here the momentum dependence is obtained
in the semiclassical limit by reintroducing the previously
overlooked first and second terms on the right-hand side of
Eq. (2); see main text and Ref. [20] for more details.

Our model, together with the damping due to the finite
temperature, captures the main experimental features well,
opening the door for insightful physical interpretations of
this geometric Ramsey interferometer. As we have already
mentioned, the initial state |3〉 is connected to |D2〉 dark
state [25]. For a complete description, we shall highlight
that the dark states at the end of the π/2 pulse are asymp-
totically connected to the bare states as |D1〉 → |1〉 and
|D2〉 → |3〉 [21]. This point can be easily verified, using
Eq. (1) and noticing that at the end of the π/2 pulse ϕ →
π/2 and ϑ → π/2. Similarly, at the end of the −π/2 pulse,
the dark states are connected to the bare states as |D1〉 →
|2〉 and |D2〉 → |3〉. Hence, we understand that even if the
geometric Ramsey interferometer is fundamentally a two-
level interferometer in the dark-state subspace, we still

need the three bare-ground states for a complete descrip-
tion. It leads to a multiple input-output port device, where
the matter-wave propagation direction can be controlled by
the pulse ordering sequence and a phase-sensitive signal
[compare the bare-state population distribution locations in
Figs. 2(a)–2(c)]. This principle can be utilized for imple-
menting an atomtronic bilateral switch where either the
phase jump � or the free evolution time T can be used
as the switching control parameter.

Another insightful interpretation of our model concerns
the nature of the phase accumulation during the free evo-
lution time, which can be clearly associated with the scalar
term Q̂. Indeed, during the free evolution time ∂ϕ/∂t → 0,
so wμν → 0. The last remaining term, which is the scalar
potential, takes the asymptotic expression

lim
ϕ→π/2,ϑ→π/2

Q̂ = −p2
r

m

(
2 0
0 0

)
. (7)

Moreover, the dotted curves in Fig. 2(d) correspond to
numerical integrations of Eq. (4) setting Q̂ = 0̂ at all
times. Here, no phase shift is observed as the population
transfers back to |3〉 at the output of the interferome-
ter. A similar situation occurs with trapped ions in the
Lamb-Dicke regime [15]. We note that the presence of
a nonzero Q̂ term leads to a nonintuitive situation where
the dressed-state picture remains meaningful even if the
tripod beams are turned off, provided that the adiabatic
asymptotic connection, depicted by Eq. (7), is fulfilled. In
addition, the energy difference between the states |D1〉 and
|D2〉 leads to a phase accumulation during the free evo-
lution time of |Q̂11 − Q̂22|T/� = 2p2

r T/�m in agreement
with the previously discussed bare-state approach.

Finally, we check the geometrical nature of the matter-
wave splitter, searching for time-independent behavior by
either compressing or inflating the temporal sequence of
the matter-wave splitter. For instance, the first π/2 pulse
will rotate the initial |D2〉 ≡ |3〉 by a polar angle θ = π/2
into the equatorial plane in the Bloch sphere representa-
tion. We show in Fig. 4 the deviation 	θ = θexp − π/2 of
the experimentally measured polar angle θexp as a func-
tion of the temporal standard deviation of the Gaussian
pulses σt. When the duration of the pulse sequence is
within 3 µs < σt < 15 µs, the deviation is in agreement
with a null value, indicating a time-independent geometric
matter-wave splitter. For σt < 3 µs, the nonzero deviation
indicates that the pulse sequence is not fully adiabatic. For
σt > 15 µs, the adiabatic approximation is fulfilled, but ŵ
becomes too small with respect to the spin-orbit and kinetic
terms of Eq. (2), leading to a breakdown of the approxima-
tion of our model given by Eq. (4) [21]. We use σt = 2.5 µs
in the experiment in order to reduce the length of the pulse
sequence as a trade-off between nonadiabaticity and effects
of thermal dispersion. Under this condition, we check that
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FIG. 4. Deviation of the polar angle of the dark-state coherent
superposition after the first π/2 pulse as a function of σt.

the spontaneous emission is weak, which is a good indica-
tion that the adiabatic approximation remains correct; for
more details, see Ref. [20].

In conclusion, we have explored a geometric Ramsey
interferometer based on a tripod scheme. This interfer-
ometer reduces to a two-level system in the dark-state
subspace but can also be viewed as connecting the three
internal ground-bare states in a configuration with multiple
input-output ports. We show that the phase accumulation
during the free-evolution time is due to a geometric scalar
potential that encapsulates the kinetic energy difference
of the bare states. Because these states are time inde-
pendent, geometric manipulations of quantum states are
generally more robust than their dynamical counterparts.
This robustness can be translated here to an interferome-
ter that is insensitive to the mean velocity of the atomic
ensemble, making it suitable for possible applications
in quantum simulations and computing, and atomtronics
circuits [13,28–31].

In the future, other types of interferometers, such as
Ramsey-Bordé interferometers [32,33] or Mach-Zehnder
interferometers [34], can be envisioned using similar geo-
metric approaches. The former can be utilized for precision
measurements of the photon recoil shift to determine the
fine-structure constant [35,36], while the latter can serve
for inertial sensing applications such as gravimetry [37],
gradiometry [38], or tests of the equivalence principle [39],
to name a few. Finally, the inherent slow response time of
adiabatic transformation can be addressed using shortcuts
to adiabaticity schemes [40], enabling the implementation
of large-area interferometers [41].
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