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Diffraction phenomena usually can be formulated in terms of a potential that induces the redistri-
bution of a wave’s momentum. Using an atomic Bose-Einstein condensate coupled to the orbitals of
a state-selective optical lattice, we investigate a hitherto unexplored nonadiabatic regime of diffrac-
tion in which no diffracting potential can be defined, and in which the adiabatic dressed states are
strongly mixed. We show how, in the adiabatic limit, the observed coupling between internal and
external dynamics gives way to standard Kapitza-Dirac diffraction of atomic matter waves. We
demonstrate the utility of our scheme for atom interferometry and discuss prospects for studies of

dissipative superfluid phenomena.

Diffraction, the bending of waves around obstacles, is
one of the most fundamental and ubiquitous phenom-
ena in optics, with a centuries-old history going back to
the works of Grimaldi, Huygens, and Young on the wave
nature of light. In the modern era it has led to the un-
derstanding of x-rays [1, 2], has provided direct proof for
the wave nature of particles [3], and today finds many ap-
plications in physics and materials science, ranging from
electron, x-ray and neutron diffraction, to applications in
atom optics [4, 5].

Quite generally, diffraction is caused by a position-
dependent potential with absorptive (imaginary) and/or
dispersive (real) character. While the former includes
material structures and diffraction gratings, an example
for the latter is the ponderomotive potential exerted on
electrons by an optical standing wave, as originally sug-
gested by Kapitza and Dirac [6]. Kapitza-Dirac diffrac-
tion of electrons was first demonstrated only fairly re-
cently [7], well after the first observation of an analo-
gous effect on neutral atoms based on the ac Stark shift
near an atomic resonance [8]. It has also been applied to
Bose-Einstein condensates [9, 10] and has become an im-
portant and often-used tool in atom interferometry and
metrology [5].

In this paper, we investigate a hitherto unexplored
regime of diffraction, in which a diffracting potential can-
not be defined. In our experiment, we diffract an atomic
matter wave from a microwave-dressed optical lattice,
with a diffractive dynamics that is qualitatively different
from Kapitza-Dirac diffraction of dressed matter waves
from a periodic optical potential. We note that the co-
herent mixing of states interacting with an external field
is often used for the engineering of dressed potentials [11-
19]. Deviations from adiabaticity have previously been
found to have deleterious effects on dressed-state lifetimes
[20, 21]. In our experiment, we enter the strongly nona-
diabatic regime, in which coherent Landau-Zener transi-
tions of the atomic wavefunction between the adiabatic
dressed potentials (driven by zero-point motion) induce
a strong coupling between internal and external degrees
of freedom, leading to a breakdown of the usual Born-
Oppenheimer (adiabatic) approximation [22].
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FIG. 1: (a) Experimental scheme, shown for resonant cou-
pling to the lowest orbital |n) (n = 0) (see text). (b) Frac-
tion of atoms in the lattice after applying a pulse (Rabi fre-
quency /27 = 8.1kHz, duration 7 = 60us) with variable
detuning §. The red solid line is the incoherent sum of pre-
dicted line shapes for resonances centered at detunings given
by the ¢ = 0 level structure of the lattice; the pulse areas are
TYn, where v, = 0.72,0,0.61,0,0.32 for n = 0,1,2.... The
light gray points and line refer to a reference measurement
without lattice (pulse area ). The inset shows TOF absorp-
tion images after band-mapping. (c¢) Population dynamics
in orbital |0) for resonant driving with /27 = 8.8kHz and
0/2m = 19.2kHz. The curve is a resonant Rabi oscillation with
frequency v0€2. All error bars represent statistical standard
deviations of at least three experimental iterations.

Our experimental procedure, cf. Fig. la, uses mi-
crowave radiation to coherently couple an optically
trapped 8"Rb condensate (chemical potential u = h x
1.0(1) kHz in a 60Hz trap at 1064nm [24]) in state
|y = |F =1,mp = —1) to the state |r) = |2,—2) (sep-
arated from |b) by 6.8 GHz), which is exposed to a
deep (30E,) state-selective 1D optical lattice (wavelength
A = 2r/k = 792 nm, o polarization) not seen by
the condensate [25, 26]. We study population trans-
fer into the lattice upon applying a rectangular mi-
crowave pulse, as a function of the applied Rabi frequency
Q < h x 17 kHz, the pulse duration 7, and the detuning ¢
from the bare (i.e. no lattice) resonance between |b) and
|r). In our experiments, residual magnetic-field fluctua-
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FIG. 2: (a) Resonant transfer to |0) and diffraction for

Q/2n = 16.9kHz. Shown are the transferred fraction (red
filled points), and the diffracted fraction (blue open circles)
in the momentum state |+2%k). The red and blue shaded
regions are the results of a simulation including experimen-
tal uncertainties in § and 2. The population in higher orders
(not shown) is less than 2% of the total number. (b) Observed
diffraction patterns for |b) atoms. Each line is a single TOF
image summed over the direction perpendicular to the lattice.
(c) Total diffraction signal as a function of Q for v Q7 = 7.
The shaded blue (gray) area shows the band-structure predic-
tion for atoms in the first diffracted order Ny +2/Nrts (un-
diffracted fraction Ny, o/N,4p) allowing for effective detunings
up to 1.1 kHz (see text).

tions limit the shot-to-shot stability of the resonance to
0z /2m ~ 0.6 kHz; the typical uncertainty in determining
Qis ~ 0.2 kHz.

The lattice potential V,(z) = Vg sin? (kz) modifies the
microwave resonance condition, as |r) atoms are confined
to lattice orbitals |n) (band index n = 0,1,2,...). In
our effectively blue-detuned lattice, the resonances are
shifted upward by the zero-quasimomentum (q) band en-
ergies hw,. We characterize the lattice depth Vj = sE,
with s = 30(2) in terms of E, = hw, = (hk)?/2m =
h x 3.7 kHz, where m is the atomic mass (we also define
EM™ = hwi” = (nhk)?/2m used below). In the har-
monic limit, fiw, ~ (n + %)hwho, with hiwp, = 2¢/sE, =
h x 40(1) kHz.

To study the orbital transfer, we first apply pulses of
fixed 7 = 60us, /27 = 8.1kHz (corresponding to a 7-
pulse in the bare case) but variable detuning 6. We then
determine the orbital populations P, using a band-map
sequence, consisting of a fast (1 ms) ramp-down of the
lattice depth, subsequent free expansion (18 ms), Stern-
Gerlach separation of |r) and |b), and absorption imag-
ing. The observed transitions, cf. Fig. 1b, are in excellent
agreement with the expectation from the lattice calibra-
tion, with line shapes that follow the theory for a Rabi
pulse with a spectrally limited FWHM of 14 kHz. The
free-space Rabi frequency Q = (r|u - B|b)/h, is now mod-
ified by the orbital Franck-Condon overlap v, = (n|to)

with the locally flat, single-particle condensate wavefunc-
tion |¢)g). In particular, parity conservation disallows
transfer to the odd-n orbitals.

We next study the coherent dynamics on resonance
with the transition to the lowest orbital, |0) (where
v = 0.72). For parameters similar to those above,
Rabi-type oscillations can be observed for times up to
(07)~! ~ 0.3 ms. The first cycle for resonant coupling
is shown in Fig. 1c. Comparing the fitted frequency to
Q yields a reduction by 0.70(1), consistent with the cal-
culated 79. We note that the oscillation amplitude is
slighty reduced below unity, corresponding to a finite de-
tuning of 1.5(1) kHz in the Rabi model, which is within
the systematic lattice calibration error (and comparable
to differential mean-field shifts from the density compres-
sion in the lattice [28]).

However, the simple Rabi picture breaks down for
stronger couplings. We find that, while the measured os-
cillation frequency increases with €2, the amplitude of the
orbital population oscillation is strongly suppressed (by
up to 30%), cf. Fig. 2a. At the same time, the population
in |b) undergoes high-contrast, pendelldsung-type (albeit
not number-conserving) oscillations between the initial
momentum state |p = 0hk) and |p = £2hk), cf. Fig. 2b,
in phase with the population oscillation. As discussed
below, the coupled internal-external dynamics is char-
acteristic for the breakdown of the Born-Oppenheimer
approximation. The fraction of atoms in |0%k) and in
|£27%k), for an effective 7 pulse with yoQr = 7, are plot-
ted in Fig. 2c. As a function of Q, the diffracted frac-
tion increases rapidly once the coupling strength becomes
comparable to ESQ), while the population in |0%k) gets
suppressed nearly completely, cf. Fig. 2c. We note that
for small couplings Q < 5kHz, a significant fraction of
|b) atoms remain in |0%ik). However, this latter behavior
is explained by the Rabi model if one allows for a small
effective detuning of 1.1 kHz ~ d4.

To understand the appearance of additional momen-
tum orders, one might naively describe the effect of ex-
tracting atoms from the condensate as that of an imagi-
nary potential formed by the ¢ = 0 Bloch wave (i.e. the
array of “absorbing” Wannier functions). However, as in
the case of a real periodic potential, the observed com-
plete depletion of the initial state |0hk) in this case would
entail significantly populating at least one higher order
|£25Rk) (j = 2,3,...), while the observed pendellésung
dynamics involving |0, £2hk) exists only in the pertur-
bative limit of a weak optical potential [29].

A formal description of the system dynamics starts
with the full rotating-wave Hamiltonian in the internal
state basis {|r), |b)}

/\2 h _
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where p = —ihd, is the canonical momentum operator.
In the usual approach, one then diagonalizes Hy in order



to obtain the dressed states |x;) = «;|b) + Bi|r) (i = 1,2)
and corresponding optical potentials Vi, cf. Fig. 3a; the
state of the system evolving under H is then expressed
as ¥ = X,c;|x;). However, this only works under the
condition 0,|x;) < 0.¢; (Born-Oppenheimer approxi-
mation) [22]. (This similarly holds for rapid temporal
variations [23].) In our case (cf. Fig. 3a), the bare-state
energies cross at two positions within each lattice site
and for weak coupling, (in our experiment, 72 < 0.17V})
the dressed-state mixing angle experiences rapid spatial
variations. Hence, the adiabatic condition is violated,
and off-diagonal terms of the form A;; oc (x;[p|x;) be-
come significant, leading to momentum-dependent mix-
ing of the (adiabatic) dressed states. With inseparable
kinetic and potential terms in H, the notion of an optical
potential causing diffraction breaks down.

The results of a full diagonalization of the Hamilto-
nian H are shown in Fig. 3b. For the case of very weak
microwave couplings hQ/Eﬁz) < 1 (where Eﬁz)/ Vo < 1),
the energy levels are split by the two-level ac-Stark shift
corresponding to the leading-order matrix element in
the coupling. For the energetically lowest states |eg)
and |e1), the shifts are given by +0.72h/2, consistent
with the Franck-Condon overlap ~yq of the states |b, 0hk)
and |r,n = 0). Switching on the microwave projects the
wavefunction into a superposition between |eg) and |eq),
whose beat note gives rise to the observed Rabi oscilla-
tions between |b, 0fik) and |r,n = 0).

The next-higher |ey) states experience a shift due to
off-resonant coupling of the symmetric (antisymmetric)
momentum-state combinations (|b, 2hk) £ |b, —2hk))/v/2
to |r,n=20) (Jr,n=1)). For intermediate couplings
hQ ~ B, the admixture of (|b,2hk) + |b, —2hk))/v/2
to |eg) and |e;) induces a downward curving of their en-
ergies and gives them the periodicity of the lattice, cf.
Fig. 3c. In this regime, the beat between |eg) and |e;)
leads to the dynamical formation of a periodic density
modulation, in phase with the internal-state evolution.
While at ¢t = 0 the sum of these states yields the unmod-
ulated state |b,0%k), at Qt ~ 7w/(7y) they acquire a 7
phase shift and add to (|b, 2hk) + |b, —2hk))/+/2 , which
produces the observed diffraction pattern (with a small
contamination by |b, 0%k) due to the admixture of |e4)).

Strong couplings A2 > Eﬁz) induce the admixture of
higher-order momentum-state combinations, and since
E® ~ hwne (for s ~ 10) the dynamics also involves
higher even—n orbitals. Taken together, the internal
and external dynamics eventually decouple: the for-
mer proceeds as a fast oscillation between |b) and |r)
(with Rabi frequency ), while in the rotating frame
the adiabatic dressed states |x12) = (|b) £ |r))/v/2 in-
dependently undergo diffraction in the half-depth opti-
cal potentials V4 o2 = V(z)/2 £ h/2, with populations
P, (1) = J2[Vo7/4R] spread over many orders n as ex-
pected for standard Kapitza-Dirac diffraction, cf. Fig. 3d
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FIG. 3: Calculated dynamics from the nonadiabatic to the
adiabatic regime. (a) (i-iii) Adiabatic potentials V; for cou-
pling strengths A2 = {0, 1, 15}E§2) and s=30. The position
dependent internal state composition is encoded in color. (i)
shows the bare potentials, while (iii) shows potentials in the
adiabatic limit characterized by a near-constant dressed-state
mixing angle. For weak coupling (ii), gaps are small and the
mixing angle varies rapidly. (b) Nonadiabatic ¢ = 0 band en-
ergies for the four lowest states as a function of €2 for resonance
with |[n = 0). The dashed line is a state of opposite parity that
is decoupled from the other three states and the red shaded
lines show the two-level ac-Stark shifts described in the text.
(c) Spatial structure of the ground and first excited states in
the bare-state basis, for h{2 = 1.25E£2). The shaded red and
blue areas denote the square of the wave function, and the
solid lines the wave function itself. (d) Diffractive dynam-
ics in three regimes characterized by Q/Vo = 0.01,0.05,15
with Vo = 100E,, and (e) internal state dynamics in the case
Q/Vo = 15. The red and blue lines trace the total population
in |r) and |b) while the dashed lines represent the expected en-
velopes for the m = 0,1,2,3 (from top to bottom) diffraction
orders for standard Kapitza-Dirac diffraction.

and 3e. Indeed, for a m-pulse with 72 ~ 7, the condition
Q > wp, reproduces the Raman-Nath criterion 7wy, < 1
[9] (we caution that reaching this adiabatic limit would
require increasing the microwave power by three orders of
magnitude, which is outside our technical capabilities).
Our model accurately reproduces all the observed dy-
namics in Fig. 2. The narrowing of the diffraction signal
in Fig. 2a (as compared to the orbital transfer) is eas-
ily explained by considering that the signal is more pro-
nounced with the depletion of the background in |b, 0kk).
As a simple application of our orbital transfer scheme
going beyond mere diffraction, we implement an in-situ
detector for matter-wave interferometry, in which the ini-
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FIG. 4: In-situ probing of matter-wave interference. (a) A
pump pulse (707 = 27/3, 7 = 40us) creates excitations in
the condensate by removing atoms into a second trapped state
|p) = |2,-1), and is followed by free evolution of the con-
densate density profile for time Tgyeclay before a probe pulse
(o = 27 /5, 7 = 14us) transfers atoms into the trapped
state |r). (b) Probe pulse yield as a function of delay time,
displaying oscillations at the recoil frequency. The solid line
is a sinusoidal fit with frequency w/27 = 15.0 kHz, and ex-
ponential damping time 7 = 0.66ms, corresponding to the
beat note and characteristic time for the wavepackets sepa-
rating after the probe pulse. The insets illustrate the evolving
wave-packet interference after application of the pump pulse.

tially unpopulated lattice sites act as an array of probes
for the condensate, cf. Fig. 4a. The orbital transfer
can be viewed as (microwave-induced) local tunneling of
atoms into individual lattice sites. As the transferred
atoms are detected, the operation is thus reminiscent
of detecting electrons in a tunneling microscope. We
first imprint a modulation into the condensate (“pump”),
again using orbital transfer. To keep this step separate
from the subsequent detection (“probe”), a third internal
state |p) = |2, —1) with a lattice potential V, = (2/3)V,.
is used, precluding any unwanted coherence effects in de-
tection. Figure 4b shows the resulting probe signal N,
as a function of the time delay Tyelay between the two
pulses. We observe an oscillation in N,., consistent with
an on-site beat note at wg), generated by matter wave
interference between recoiling |b, £2fik) and stationary
|b, 07ik) packets. The decaying envelope reflects a gradual
loss of spatial overlap between the wavepackets. Com-
pared to Kapitza-Dirac-based matter-wave interferome-
try schemes [30-32], our two-pulse sequence allows for a
direct, in-situ detection of the matter wave interference
contrast, without the need for an additional probe laser.

In the present work, we have studied the dynamics of
a condensate coupled to the orbitals of an array of lat-
tice sites. We point out that we do not observe effects
of the collisional interaction p (such as a modification
of the ground-state wavefunctions [33]), as p is on the
order of fluctuations of the orbital-resonance frequency.
In the interacting regime h{) < p, the healing length
€ = h/(2mp)~'/? is compatible with phonon excitation,
at a wavelength X, = (u/m)"/2/Q = (u/hQ)¢ > €. The
coupling of the single-site dynamics to phonons should

allow for the study of dissipative phenomena [34], in-
cluding dissipative quantum phase transitions driven by
phonon-mediated coupling between sites [35]. Enter-
ing this regime in our setup requires a reduction of the
ambient-magnetic field fluctuations below 100G, which
is reachable with present-day technology.

In summary, we have demonstrated a novel regime
for the diffraction of weakly-dressed matter-waves from
a standing wave of light. In this regime, nonadiabatic
transitions induce a strong coupling between the internal
and external degrees of freedom, such that a description
of the standing wave through an optical potential is not
possible. In the limit of strong microwave coupling, the
decoupling of the internal and external dynamics results
in conventional Kapitza-Dirac diffraction from an opti-
cal potential. While the coherent internal dynamics give
rise to particle-like excitations in the regime explored in
this work, an extension into the regime of even weaker
microwave coupling, in which the superfluid excitations
become sound-like, should prove useful in the study of
dissipative phenomena.
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