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Bloch oscillation phases investigated by multipath Stiickelberg atom interferometry
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Atoms undergoing Bloch oscillations (BOs) in an accelerating optical lattice acquire momentum of two
photon recoils per BO. This technique provides a large momentum transfer tool for atom optics, but its full
exploitation for atom interferometric sensors requires both experimental and theoretical characterization of
associated phases. Each BO involves a Landau-Zener crossing with multiple crossings inducing interference
known as Stiickelberg interference. We develop a multipath Stiickelberg interferometer and investigate atomic
phase evolution during BOs, up to 100 photon recoil momentum transfer. We compare to numerically calculated
single-particle Schrodinger evolution, demonstrate highly coherent BO sequences, and assess phase stability
requirements for BO-enhanced precision interferometry in fundamental physics and sensing applications.
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Bloch oscillations (BOs) of cold atoms in an optical
lattice [1,2] have emerged as a powerful tool in quantum
metrology. Local gravity measurements [3] and equivalence
principle tests [4] rely on sensing the external force through
measurement of consequent BO frequency, while large mo-
mentum transfer (LMT) engineered by optically synthesizing
efficient BOs plays a central role in tests of quantum elec-
trodynamics [5,6]. In the latter case, LMT-BOs increase the
momentum separation of two different atom interferometers
(Als). High-efficiency LMT-BOs within an Al generate what
we will call “BO-enhanced” Al and have the potential to
create very large interferometer space-time areas for next gen-
eration fundamental physics tests and applications in inertial
sensing and gradiometry [7].

The central appeal for employing BOs for LMT appli-
cations compared to other techniques such as pulsed Bragg
diffraction [8,9] lies in the high efficiency acceleration pos-
sible with BO dynamics restricted to a single lattice energy
band, well separated in energy from other bands. However,
this feature is also accompanied by large phase accumulation
in this band during the LMT-BO process relative to another
band. This can increase demands on experimental controls to
maintain phase stability in a BO-enhanced Al composed of
paths that lie in these two bands. While 10007k level momen-
tum transfer has been demonstrated with BOs [5,10], (7ik is
the lattice photon momentum), BO-enhanced Al has been lim-
ited to relatively modest arm separation (<100%k) [11-16].
Continued development of LMT-BO thus relies crucially on
the experimental characterization of phases associated with
BO processes. Earlier experimental measurements of such
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differential phases on Al paths have been limited to Ngp < 2
where Ngg is the number of BOs [17].

Here we investigate the phase associated with LMT-BO
processes by utilizing the fact that each BO is accompanied
by a Landau-Zener (LZ) crossing which acts as a beamsplitter
between the quantum mechanically coupled levels or bands.
We use the interference signal from multiple LZ crossings,
known as Landau-Zener-Stiickelberg interference [18-21] or
simply Stiickelberg interference, to perform multipath Stiick-
elberg interferometry (MPSI) on a Bose-Einstein condensate
(BEC) atom source. The Al paths are composed of atomic
wavefunction amplitudes evolving along Bloch bands dur-
ing an LMT-BO sequence. We find that the MPSI exhibits
a characteristic temporal interference pattern from relative
Stiickelberg phase accruals on different Al paths, in very
good agreement with coherent, single-particle Schrodinger
evolution for both ground and excited band BO. Distinct from
earlier demonstrations with ultracold atoms that were limited
to two-path Stiickelberg interference [22,23], our observations
persist even for Ngo = 50, well into the regime of relevance
for precision Al

Our experimental procedures build on previous
work [24,25] with additional details provided in [26]. Briefly,
we produce '7*Yb BECs with 7 x 10* atoms in an optical
dipole trap (ODT). After the BEC is prepared, the ODT is
switched off and the atoms are allowed to freely expand
for a time ., before encountering a vertical optical lattice
which is adiabatically turned on over a time famp = 300 us.
The value of #.;, is chosen to be sufficiently large for all the
initial atomic interaction energy to be converted into kinetic
energy [27], while keeping the cloud size (<50 um) much
smaller than the lattice beams.

The lattice is formed from a pair of counter-propagating
laser beams oriented 5 mrad with respect to gravity, with
a waist of 1.8mm. The lattice beams are detuned by
A~ =3500T" from the 556nm intercombination transi-
tion, where I' = 27w x 182kHz, yielding a lattice spacing
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b lattice of depth Uj. In the lattice frame, the atoms experience a
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FIG. 1. Multipath  Stiickelberg  interferometer  scheme.

(a) Atomic passage in an extended Brillouin zone picture with
avoided band crossings acting as beamsplitters, shown for
Up/E, =10 and Npo = 10. The shaded region highlights the
energy difference between b = 0 and 1 within one Brillouin zone.
Inset shows applied lattice intensity variation. (b) Absorption
image (foy =3ms, 12 ms TOF, three-shot average) showing
MPSI output of ten momentum states for Ngo = 10, Uy/E, = 6,
Tso = 0.33(h/E,). Gravity points in the —y direction. (c) Effective
spatial potential showing three lattice sites for Uy/E, = 10 and
Tso = 0.5(h/E,). The shading represents the bandwidth. (d) Same
as (c) but for Tgo = 0.2(h/E,). In this case, the ground state in a
site is degenerate with the first excited state in an adjacent site,
corresponding to a 27 phase difference between b = 0 and 1 during
one BO.

d = m/k =278nm, and a peak spontaneous scattering rate
per E, of lattice depth of Ry =2m x 1.1Hz. Here E, =
h*/8md®* = h x 3.7kHz is the single photon recoil energy.
Upon reaching the targeted depth U, the lattice intensity is
kept constant during the interferometry sequence, and sub-
sequently ramped down in 300 us. To counter the effect of
atomic free fall and provide a stationary lattice in the comov-
ing frame, the relative frequency § of the lattice laser beams
is chirped at the rate Sg = 2m g/d during the entire duration of
lattice application, including during the intensity ramps. Here
g is the acceleration due to gravity. During the interferometry
sequence, in addition to 8 we apply a variable frequency
chirp dgo which drives BOs accelerating atoms relative to
the free-fall frame in the +y direction. The adiabatic lat-
tice ramp-down maps the band populations to corresponding
populations in free-particle momentum states, which are then
observed in time-of-flight (TOF) absorption imaging.

Our MPSI (see Fig. 1) probes the action of a sequence of
Ngo Bloch oscillations driven by the frequency chirp go in a

BOs. The corresponding tilt of the periodic potential in the
freely falling frame is uniquely determined by Sgo and the en-
suing BOs have period Tgo = 8E, /(hdpo). The single particle
dynamics in this frame are thus described by the Hamiltonian

AD ~ ~
N~ P 2 Y h 9
A= 4 Upo?(n) - —2. 1
om T O0C <”d) Too d M

In Fig. 1(a) we present the MPSI in an extended Brillouin
zone scheme. For most of our work, we load the atomic cloud
into the ground band b = 0 of the lattice at quasimomentum
g = 0, before initiating the linear frequency sweep go. The
initial velocity width is less than 10% of the Brillouin zone.
Each avoided crossing acts as a coherent beamsplitter where
an interband transition may occur. Equivalently, the atoms
experience the Hamiltonian of Eq. (1) during this sweep time
set by Npo X Tpo. The representative TOF absorption image
shown in Fig. 1(b) displays the different output ports of the
MPSI as populations of free-particle states separated by mul-
tiples of two photon recoils (3> velocity width), mapped from
the corresponding Bloch band states. Since ground band BOs
have one avoided crossing per Brillouin zone, this interference
geometry generates 2™50~! paths considering only the lowest
two bands. Since band numbers up to b = Ngp may be pop-
ulated leading to many additional paths [28,29], this power
scaling is a lower bound on the total number of interfering
paths. In Figs. 1(c) and 1(d), we show two representative
examples of the tilted potential corresponding to two different
values of dgo.

We first demonstrate MPSI for ground band BOs with
Ngo = 10, a sequence large enough to capture the steady-state
Npo — oo behavior. As shown in Fig. 2(a), the interferometer
output, equivalently the 10-BO efficiency, exhibits oscillatory
behavior as a function of T for various lattice depths. The
Npo efficiency is defined as the fraction of the total atom
number accelerated to momentum 2Npo/ik by the frequency
chirp §po. A standard analysis associates each avoided cross-
ing with an LZ tunneling process [18,30] depleting population
incoherently from b = 0 leading to the prediction of [1 —
exp{—an,ngBo/(ShEr)}]NBO for the overall BO efficiency.
Here Ey, is the depth-dependent band gap [31]. As shown by
the dashed lines in Fig. 2(a), the LZ prediction agrees with the
observed overall trend with Tgo and Uy, but fails to capture
any of the nonmonotonic behavior.

This nonmonotonic behavior is the signature of multi-
path Stiickelberg oscillations. The alternating local extrema at
depth-dependent Tpo locations correspond to constructive and
destructive interference of the contributing paths. To quanti-
tatively understand our observations, we perform numerical
simulations of a single particle evolving in the Hamiltonian
of Eq. (1) [26]. We additionally incorporate a small contribu-
tion from spontaneous scattering with the multiplicative factor
exp[—Ry(Uo/2E, )(tramp + NoIpo)]. Here @ = 0.74 is a nu-
merical factor accounting for the specific shape of intensity
ramps used [26]. The good agreement of these simulations
[thin solid lines in Fig. 2(a)] with our observations indicates a
high degree of coherence in our MPSI.
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FIG. 2. MPSI signal for various lattice depths. (a) Observed ten
BO efficiency variation with Tgo = 8E,/ (850). Solid lines show the
corresponding numerical simulations of Eq. (1), including sponta-
neous scattering. Dashed lines show predictions of the Landau-Zener
model. (b) Locations of first (7,, ) and second (7,,,) Stiickelberg
oscillation minima as a function of depth. Markers and solid lines
are extracted respectively from experimental data shown in (a) and
numerical simulations. Colored dotted lines correspond to setting
¢s =2m and 47 in Eq. (2) for b =0. The 7,, predictions for a
free particle (Uy — 0) are shown by the black crosses and for the
harmonic approximation (U, — o0) by the black dashed lines.

The interference patterns in Fig. 2(a) represent MPSI mea-
surements of Stiickelberg phase accrual during BO sequences.
For ground band BO, ¢y is the relative phase between a
path which traverses b = 1 and another which traverses b = 0
[from the energy difference indicated by the shaded region in
Fig. 1(a)]:

E, T
o (Up) = %I@, @)

where  Z®) = oL [ [E®*)(q, Uy) — E®(q. Up)ldg and
E®)(g, Up) is the g-dependent energy in band b for lattice
depth Uy. The location of the pronounced interference
minima or depletion in b = 0 can be estimated by setting
the Stiickelberg phase ¢s during one BO to an even multiple
of m, corresponding to constructive interference into b = 1.
The first and second minima locations determined by the Tpo
values that solve ¢s = 27w and 4m respectively in Eq. (2)
are shown as the solid lines in Fig. 2(b), in clear agreement
with the experimentally observed minima locations 7, ; and
T,n.2- The dotted lines result from the numerical simulation of
Eq. (1) and show excellent agreement with the Stiickelberg
phase calculations using Eq. (2), except at the lowest depths.

@ oo
’ —e— Sim
2 o1z
H gogll Loc--mmTTTTTTTTTTI T
a.
>
Q
S 0.96} ) ;
2 o
£ . " f % 1
M 004}
L 1 . . . | l . |
? 4 6 8 10 5
N.
BO
® 0. O

o

\O

0
T

—Sim
- —Sim - R,

Efficiency per BO
(e}
X

e
\O
=~

0.15 0.20 0.25 0.30 0.35 0.40
T, (#/E)

FIG. 3. Evolution of Stiickelberg interference visibility with
Npo. (a) Per-BO efficiency vs Npo at fixed Tgo = 0.24(h/E,) near
T,.1 for Uy/E, = 8. Experimental data are shown as square mark-
ers and corresponding numerical simulations including spontaneous
scattering as points connected by lines. The dashed line is the
Landau-Zener prediction including spontaneous scattering. (b) MPSI
signal displayed as per-BO efficiency for an Ngo = 50 LMT-BO
sequence with Uy/E, = 8.3. The solid (dashed) curve represents
the corresponding numerical simulation with (without) spontaneous
scattering. The vertical dashed line marks the T value in (a).

The deviations for Uy < 3E, arise from the contribution of
the Stokes phase [23,32-34].

The fact that Eq. (2) accurately predicts the signal minima
emphasizes a resonant effect also found in other multipath
matter-wave interference phenomena such as the temporal
Talbot effect [35] and the quantum kicked rotor [36]. Some-
what surprisingly, these resonances remain pronounced even
for large depths Uy > 10E, when the avoided crossing lo-
cations in momentum space, and therefore the beamsplitter
timings, are less sharply defined due to band flatness. In this
regime, intuition can be gained from the position space picture
[Figs. 1(c) and 1(d)] and spatial tunneling into neighboring
sites of the lattice. The position space visualization for 7;, ;
is shown in Fig. 1(d) and corresponds to resonant tunneling
loss into nearest neighbor sites. Likewise, 7,, » corresponds to
resonant tunneling to next-nearest neighbor at half the lattice
tiltas 7, ;.

We now turn to the dependence of the MPSI signal on Ngg.
As schematically shown in Fig. 1(a) and discussed above,
the MPSI involves >2Veo~—! interfering paths. Even assuming
perfectly coherent evolution, this leads to a saturation of the
MPSI signal as Ngo — <. In Fig. 3(a), we show the evolution
of efficiency per BO for a fixed Tgp as Npo is varied. The
per-BO efficiency is defined as the (1 /NBO)th power of the
measured Npo efficiency. In order to increase the dynamic
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range for this study, the 7o is chosen near a strong inter-
ference feature, leading to an observation of the growth of
Stiickelberg visibility. The signal starts to saturate around
Npo = 10, reflecting the fact that even though the number of
paths contributing to it at least doubles per subsequent BO,
the signal in b = 0 is composed primarily of paths that were
generated within the last ten BOs. The numerical simulation
(points joined by lines) is in good agreement with observa-
tions. The deviation from the LZ result (dashed line) grows
with increasing Npo.

In Fig. 3(b) we show a representative MPSI signal for
Npo = 50 at a similar depth. Clearly, the visibility remains
strong and the agreement with the theoretical model is ex-
cellent, with a very small contribution from spontaneous
scattering. The vertical dashed line marks the 7o location of
Fig. 3(a).

Having established the high coherence of long BO se-
quences using MPSI, we now examine implementation
criteria relevant for high precision BO-enhanced Al. For
this, one needs to consider both the band number separation
(=Npo) and the relative phase evolution ® of two paths from
an LMT-BO sequence applied on one of the paths. Fast and
high efficiency Bloch oscillation will be achieved at high
lattice depths. The Uy/E, = 14.4 data shown in Fig. 2(a) indi-
cates 0.995 efficiency per ik momentum transfer delivered at
23 us per hik [Tgo =~ 0.17(h/E,)]. This is considerably higher
than the 0.984 efficiency per fik achieved with optimized
Bragg diffraction pulses at the same delivery rate of LMT in
precision Al with the same atomic species in [24]. At Uy/E, =
25.5 we measure even higher LMT-BO efficiency of 0.999
per fik delivered at twice the rate [26]. This corresponds to a
10007k LMT efficiency of 0.47 delivered in 11 ms. The corre-
sponding efficiency achieved in [24] using Bragg diffraction
scales to the impractical 10~7, although higher performance
may be achievable in the future through numerical quantum
optimal control [37].

Taking 10004k as a benchmark for next generation
high-precision BO-enhanced Als, we now consider the impli-
cations on Al phase from technical considerations of lattice
intensity noise. At high depth Uy > E, and for Ngo > 1,
we have & ~ %TBONBO [26], and the corresponding phase
noise is §® ~ €d where € is the relative intensity noise in
the lattice beams. We take 100 mrad standard deviation as the
benchmark for Al phase stability, which is about an order of
magnitude below the standard deviation from random phase
measurements between zero and 7. For the 10007k example
discussed above, achieving §&® of 100 mrad will require € =
3 x 1073, which is experimentally challenging. Excited band
BOs at “magic” depths optimized to suppress phase noise
induced by lattice intensity variation [17] can help address
this challenge.

We finally discuss our experiments on measuring BO
phases in excited bands. For this we modify the MPSI se-
quence by loading the atomic cloud away from avoided
crossings at ¢ = 1/2 in b =1 [Fig. 1(a)] [17]. The results
for two different depths are shown in Fig. 4. The observed
Stiickelberg patterns are similar to those seen in the ground
band and are again in good agreement with the numerical
simulations. Since the avoided crossings between b = 1 and 2
feature smaller energy gaps than those between b = 1 and O,
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FIG. 4. MPSI signal for excited band. Main figure shows ob-
served ten BO efficiency variation with Tz = 8E,/ (hSBo) forb=1
and two different Uy. Solid lines show corresponding numerical sim-
ulations of Eq. (1), including spontaneous scattering. Dashed lines
show predictions of the Landau-Zener model. Inset shows location of
Stiickelberg oscillation minima 7, ; as a function of depth. Markers
and solid lines are extracted respectively from experimental data
shown in the main figure and numerical simulations. The colored
dotted line corresponds to setting ¢s = 27 in Eq. (2) for b = 1. The
T,..1 prediction for a free particle (Uy — 0) is shown by the black
cross and for the harmonic approximation (U, — 00) by the black
dashed line.

more amplitude from b = 1 goes to b = 2 than to b = 0. We
would thus expect that the MPSI signal is dominated by the
amplitudes in b = 1 and 2 rather than b = 1 and 0, and this is
verified by comparing the locations of the interference minima
T)n.1 to the condition ¢g = 2 with b = 1 in Eq. (2) (see Fig. 4
inset). An additional high-frequency oscillation is also seen
in the numerical simulation, with a weak amplitude which is
below our experimental detection limit. It can be related to
the phase accumulation between paths that remain in b = 1
and b = 2 throughout the MPSI.

In summary, we developed a multipath Stiickelberg inter-
ferometer with ultracold atoms and used it to study the phase
imparted during a long sequence of BOs, thus enhancing the
toolbox and providing guidance for next-generation funda-
mental physics tests, gravimetry, and inertial sensing with
Al. We demonstrated that BO processes can be applied in a
highly coherent manner, implying that the use of large Ngo as
LMT beamsplitters is limited only by technical effects. The
MPSI tool can help optimize atom-optics parameters in BO-
enhanced Als and also be used to explore geometric phases
in topologically nontrivial band structures [38]. Furthermore,
we identify phase noise stemming from lattice intensity fluc-
tuations as an important technical challenge for the future,
which could be addressed by excited band BOs at magic
depths [17], symmetric Al geometries [14,15], or alternative
LMT approaches such as Floquet atom optics [39].

While completing work on this manuscript, we became
aware of related theoretical work in [40], where spatial
Wannier-Stark wavefunctions are used to address the high
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lattice depth regime relevant for BO-enhanced Al. This ap-
proach is in accord with our work and a comparison is
included in [26].
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