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FIG. 2: Appearance of vortices at di�erent detuning gradients. Data was taken for N = 1.4� 105 atoms at hold time
th = 0.57 s. a-f, Images of the |mF = 0⇧ component of the dressed state after a 25.1 ms TOF with detuning gradient �

0
from

0 to 0.43 kHz µm�1 at Raman coupling ~⇥R = 8.20 EL. g, Vortex number Nv versus �
0
at ~⇥R = 5.85 EL (blue circles), and

8.20 EL (red circles). Each data point is averaged over ⇥ 20 experimental realizations, and the uncertainties represent standard
deviations (⇤). The inset displays Nv versus the synthetic magnetic flux �B⇤/�0 = Aq⇥⌅B⇥⇧/h in the BEC. The dashed lines

indicate �
0
below which vortices become energetically unfavorable according to our GPE computation, and the shaded regions

show the 1-⇤ uncertainty from experimental parameters.

{| � 1,kx + 2kL⌦,|0, kx⌦,| + 1, kx � 2kL⌦} is composed of
states that di⇤er in linear momentum along x̂ by ±2~kL,
and are Raman-coupled with strength ~⇥R. For each kx,
the three dressed states are the eigenstates in the pres-
ence of the Raman coupling, with energies Ej(kx)[24].
The resulting vector potential is tunable within the range
�2kL < q⇥A⇥

x/~ < 2kL. In addition, Ej(kx) includes a
scalar potential V

0
[16]. A⇥

x, V
0
, and m⇥ are functions of

Raman coupling ⇥R and detuning �, and for our typical
parameters m⇥ ⇧ 2.5m, reducing fx from ⇧ 70 Hz to
⇧ 40 Hz. The BEC’s chemical potential µ/h ⇧ 1 kHz
is much smaller than the ⌅ h ⇥ 10 kHz energy sepa-
ration between dressed states, therefore the BEC only
occupies the lowest energy dressed state. Further, it jus-
tifies the harmonic expansion around q⇥A⇥

x/~, valid at
low energy. Hence, the complete single-atom Hamilto-
nian is H = H⇥

x + ~2(k2y + k2z)/2m+ V (r), where V (r) is

the external potential including V
0
(⇥R, �).

The dressed BEC starts in a uniform bias field B =
B0ŷ, at Raman resonance (� = 0), corresponding to
A⇥

x = 0[24]. To create a synthetic field B⇥, we apply
a field gradient b

0
such that B = (B0 � b

0
y)ŷ, ramp-

ing in 0.3 s from b
0
= 0 to a variable value up to

0.055 Tm�1, and then hold for th to allow the system
to equilibrate. The detuning gradient �

0
= gµBb

0
/~ gen-

erates a spatial gradient in A⇥
x. For the detuning range

in our experiment, ↵A⇥
x/↵� is approximately constant,

leading to an approximately uniform synthetic field B⇥

given by B⇥ = ↵A⇥
x/↵y = �

0
↵A⇥

x/↵� (Fig. 1d). To probe
the dressed state, we switch o⇤ the dipole trap and the
Raman beams in less than 1 µs, projecting each atom
into spin and momentum components. We absorption-

image the atoms after a time-of-flight (TOF) ranging
from 10.1 ms to 30.1 ms (Fig. 1ef).
For a dilute BEC in low synthetic fields, we expect to

observe vortices. In this regime, the BEC is described by
a macroscopic wave function ⌃(r) = |⌃(r)|ei�(r), which
obeys the Gross-Pitaevskii equation (GPE). The phase ⇧
winds by 2⌅ around each vortex, with amplitude |⌃| = 0
at the vortex center. The magnetic flux �B⇤ results in
Nv vortices and for an infinite, zero temperature sys-
tem, the vortices are arrayed in a lattice[25] with den-
sity q⇥B⇥/h. For finite systems vortices are energeti-
cally less favorable, and their areal density is below this
asymptotic value, decreasing to zero at a critical field
B⇥

c . For a cylindrically symmetric BEC, B⇥
c is given by

q⇥B⇥
c /h = 5/(2⌅R2)ln(0.67R/⇤) where R is the Thomas-

Fermi radius and ⇤ is the healing length[26]. B⇥
c is larger

for smaller systems. For our non-cylindrically symmetric
system, we numerically solve the GPE to determine B⇥

c
for our experimental parameters (see Methods).

For synthetic fields greater than the critical value, we
observe vortices that enter the condensate and reach an
equilibrium vortex number Nv after ⇧ 0.5 s. Due to a
shear force along x̂ when the Raman beams are turned
o⇤, the nearly-symmetric insitu atom cloud tilts during
TOF. While the vortices’ positions may rearrange, any
initial order is not lost. During the time of our experi-
ment, the vortices do not form a lattice and the positions
of the vortices are irreproducible between di⇤erent ex-
perimental realizations, consistent with our GPE simula-
tions. We measure Nv as a function of detuning gradient
�
0
at two couplings, ~⇥R = 5.85 EL and 8.20 EL (Fig. 2).

For each ⇥R, vortices appear above a minimum gradient
when the corresponding field  B⇥⌦ = �

0 ↵A⇥
x/↵�⌦ exceeds
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FIG. 2: Appearance of vortices at di�erent detuning gradients. Data was taken for N = 1.4� 105 atoms at hold time
th = 0.57 s. a-f, Images of the |mF = 0⇧ component of the dressed state after a 25.1 ms TOF with detuning gradient �

0
from

0 to 0.43 kHz µm�1 at Raman coupling ~⇥R = 8.20 EL. g, Vortex number Nv versus �
0
at ~⇥R = 5.85 EL (blue circles), and

8.20 EL (red circles). Each data point is averaged over ⇥ 20 experimental realizations, and the uncertainties represent standard
deviations (⇤). The inset displays Nv versus the synthetic magnetic flux �B⇤/�0 = Aq⇥⌅B⇥⇧/h in the BEC. The dashed lines

indicate �
0
below which vortices become energetically unfavorable according to our GPE computation, and the shaded regions

show the 1-⇤ uncertainty from experimental parameters.

{| � 1,kx + 2kL⌦,|0, kx⌦,| + 1, kx � 2kL⌦} is composed of
states that di⇤er in linear momentum along x̂ by ±2~kL,
and are Raman-coupled with strength ~⇥R. For each kx,
the three dressed states are the eigenstates in the pres-
ence of the Raman coupling, with energies Ej(kx)[24].
The resulting vector potential is tunable within the range
�2kL < q⇥A⇥

x/~ < 2kL. In addition, Ej(kx) includes a
scalar potential V

0
[16]. A⇥

x, V
0
, and m⇥ are functions of

Raman coupling ⇥R and detuning �, and for our typical
parameters m⇥ ⇧ 2.5m, reducing fx from ⇧ 70 Hz to
⇧ 40 Hz. The BEC’s chemical potential µ/h ⇧ 1 kHz
is much smaller than the ⌅ h ⇥ 10 kHz energy sepa-
ration between dressed states, therefore the BEC only
occupies the lowest energy dressed state. Further, it jus-
tifies the harmonic expansion around q⇥A⇥

x/~, valid at
low energy. Hence, the complete single-atom Hamilto-
nian is H = H⇥

x + ~2(k2y + k2z)/2m+ V (r), where V (r) is

the external potential including V
0
(⇥R, �).

The dressed BEC starts in a uniform bias field B =
B0ŷ, at Raman resonance (� = 0), corresponding to
A⇥

x = 0[24]. To create a synthetic field B⇥, we apply
a field gradient b

0
such that B = (B0 � b

0
y)ŷ, ramp-

ing in 0.3 s from b
0
= 0 to a variable value up to

0.055 Tm�1, and then hold for th to allow the system
to equilibrate. The detuning gradient �

0
= gµBb

0
/~ gen-

erates a spatial gradient in A⇥
x. For the detuning range

in our experiment, ↵A⇥
x/↵� is approximately constant,

leading to an approximately uniform synthetic field B⇥

given by B⇥ = ↵A⇥
x/↵y = �

0
↵A⇥

x/↵� (Fig. 1d). To probe
the dressed state, we switch o⇤ the dipole trap and the
Raman beams in less than 1 µs, projecting each atom
into spin and momentum components. We absorption-

image the atoms after a time-of-flight (TOF) ranging
from 10.1 ms to 30.1 ms (Fig. 1ef).
For a dilute BEC in low synthetic fields, we expect to

observe vortices. In this regime, the BEC is described by
a macroscopic wave function ⌃(r) = |⌃(r)|ei�(r), which
obeys the Gross-Pitaevskii equation (GPE). The phase ⇧
winds by 2⌅ around each vortex, with amplitude |⌃| = 0
at the vortex center. The magnetic flux �B⇤ results in
Nv vortices and for an infinite, zero temperature sys-
tem, the vortices are arrayed in a lattice[25] with den-
sity q⇥B⇥/h. For finite systems vortices are energeti-
cally less favorable, and their areal density is below this
asymptotic value, decreasing to zero at a critical field
B⇥

c . For a cylindrically symmetric BEC, B⇥
c is given by

q⇥B⇥
c /h = 5/(2⌅R2)ln(0.67R/⇤) where R is the Thomas-

Fermi radius and ⇤ is the healing length[26]. B⇥
c is larger

for smaller systems. For our non-cylindrically symmetric
system, we numerically solve the GPE to determine B⇥

c
for our experimental parameters (see Methods).

For synthetic fields greater than the critical value, we
observe vortices that enter the condensate and reach an
equilibrium vortex number Nv after ⇧ 0.5 s. Due to a
shear force along x̂ when the Raman beams are turned
o⇤, the nearly-symmetric insitu atom cloud tilts during
TOF. While the vortices’ positions may rearrange, any
initial order is not lost. During the time of our experi-
ment, the vortices do not form a lattice and the positions
of the vortices are irreproducible between di⇤erent ex-
perimental realizations, consistent with our GPE simula-
tions. We measure Nv as a function of detuning gradient
�
0
at two couplings, ~⇥R = 5.85 EL and 8.20 EL (Fig. 2).

For each ⇥R, vortices appear above a minimum gradient
when the corresponding field  B⇥⌦ = �

0 ↵A⇥
x/↵�⌦ exceeds
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Imaging of s and d Partial-Wave Interference in Quantum Scattering
of Identical Bosonic Atoms

Nicholas R. Thomas,1 Niels Kjærgaard,1,* Paul S. Julienne,2 and Andrew C. Wilson1

1Department of Physics, University of Otago, Dunedin, New Zealand
2National Institute of Standards and Technology, 100 Bureau Drive, Stop 8423, Gaithersburg, Maryland, 20899-8423 USA

(Received 19 May 2004; published 22 October 2004)

We report on the direct imaging of s and d partial-wave interference in cold collisions of atoms. Two
ultracold clouds of 87Rb atoms were accelerated by magnetic fields to collide at energies near a d-wave
shape resonance. The resulting halos of scattered particles were imaged using laser absorption. By
scanning across the resonance we observed a marked evolution of the scattering patterns due to the
energy dependent phase shifts for the interfering s and d waves. Since only two partial-wave states are
involved in the collision process the scattering yield and angular distributions have a simple inter-
pretation in terms of a theoretical model.

DOI: 10.1103/PhysRevLett.93.173201 PACS numbers: 34.50.–s, 03.65.Nk, 32.80.Pj, 39.25.+k

Atomic collisions are a classic topic of quantum me-
chanics [1,2]. With the advent of laser cooling [3], confin-
ing and cooling various atomic species to submillikelvin
temperatures became possible and gave rise to a wealth of
experiments in which quantum effects in collisions at
very low energies—cold collisions—were observed [4].
Knowledge about cold collisions paved the way for excit-
ing new developments in experimental atomic physics.
Collisions played a crucial role in the achievement of
Bose-Einstein condensation [5] and Fermi degeneracy
[6] in dilute atomic vapors by mediating thermalization
during evaporative cooling and accounting for stability
[7]. For atoms at temperatures associated with the quan-
tum degenerate regime the essential interaction properties
are determined by a single atomic parameter, the scatter-
ing length, because all elastic scattering has an isotropic
(s-wave) nature at such low energies. The scattering
length may exhibit a pronounced dependency on external
magnetic fields giving rise to so-called Feshbach reso-
nances [8] which have recently been exploited to create
ultracold molecules [9] and molecular Bose-Einstein con-
densates (BECs) [10].

To date, most experiments on cold collisions of atoms
have been carried out using magneto-optical traps
(MOTs) or magnetic traps which suffer from the disad-
vantages that no collision axis is singled out or the col-
lision energy cannot be varied over a wide range [4,11]. If
no fixed collision axis is present, anisotropic scattering, as
occurs for collision energies above the s-wave regime,
will be obscured by spatial averaging. One solution to this
problem was provided in the ‘‘juggling’’ MOTexperiment
[12], where a cloud of cesium atoms was laser cooled to
3 !K and ejected vertically from a trap to collide with a
previously launched cloud at energies up to 160 !K.
Scattered atoms were detected using a spectroscopic
technique revealing interference between s and p partial
waves. In experiments on BECs, a collision axis was also

selected using Bragg scattering to accelerate part of the
atomic cloud, and pure s-wave scattering halos were
directly imaged [13].

In this Letter, we report experiments on the collision of
two bosonic atomic clouds, initially confined in a mag-
netic double-well potential and evaporatively cooled to a
temperature just above the phase transition for Bose-
Einstein condensation. Collisions at a selectable energy
occur when the trapping potential is continuously modi-
fied to a single-well configuration. The atomic clouds
accelerate from the sides of the harmonic potential and
collide at the center of the well. The resulting scattering is
equivalent to cold collisions of counterpropagating ultra-
cold pulsed atomic beams. Angular resolved detection of
scattered atoms is obtained using laser absorption imag-
ing. Specifically, we consider atomic clouds of doubly
spin-polarized 87Rb which are cooled to a temperature
of !225 nK and accelerated to collide with energies in
the range from 87 to 553 !K as measured in units of
Boltzmann’s constant kB. In this energy interval a d-wave
shape resonance is known to occur [14]. We observe scat-
tering patterns evolving from s-wave-like to d-wave-like
distributions via intermediate s" d interfering scattering
states which expose the quantum mechanical origin of
the process.

Quantum scattering of two particles under our condi-
tions is conveniently described in the partial-wave for-
malism. The wave function for the relative motion is
written  # eikz " f$"%eikr=r, where k is the magnitude
of the relative wave vector of the colliding particles. The
first term of this sum represents an incoming plane wave
traveling along the z axis, while the second term repre-
sents a radially outgoing scattered wave with an ampli-
tude which depends on the angle " to the z axis, (see, e.g.,
[15]). Using a partial-wave expansion of  , the scatter-
ing amplitude for identical bosons is expressed as f$"% #
P

l even$2l" 1%$e2i#l & 1%Pl$cos"%=ik, where Pl is the
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Interferometric Determination of the s and d-Wave Scattering Amplitudes in 87Rb

Ch. Buggle, J. Léonard, W. von Klitzing, and J.T. M. Walraven
FOM Institute for Atomic and Molecular Physics, Kruislaan 407, 1098 SJ Amsterdam, The Netherlands

and Van der Waals–Zeeman Institute of the University of Amsterdam, Valckenierstraat 65/67, 1018 XE The Netherlands
(Received 4 June 2004; published 22 October 2004)

We demonstrate an interference method to determine the low-energy elastic scattering amplitudes of
a quantum gas. We linearly accelerate two ultracold atomic clouds up to energies of 1.2 mK and observe
the collision halo by direct imaging in free space. From the interference between s- and d- partial waves
in the differential scattering pattern we extract the corresponding phase shifts. The method does not
require knowledge of the atomic density. This allows us to infer accurate values for the s- and d-wave
scattering amplitudes from the zero-energy limit up to the first Ramsauer minimum using only the
van der Waals C6 coefficient as theoretical input. For the 87Rb triplet potential, the method reproduces
the scattering length with an accuracy of 6%.

DOI: 10.1103/PhysRevLett.93.173202 PACS numbers: 34.50.–s, 03.65.Sq, 03.75.–b, 32.80.Pj

The scattering length a, the elastic scattering ampli-
tude in the zero-energy limit, is the central parameter in
the theoretical description of quantum gases [1–3]. It de-
termines the kinetic properties of these gases as well as
the bosonic mean field. Its sign is decisive for the collec-
tive stability of the Bose-Einstein condensed state. Near
scattering resonances, pairing behavior [2] and three-
body lifetime [3] can also be expressed in terms of a.
As a consequence, the determination of the low-energy
elastic scattering properties is a key issue to be settled
prior to further investigation of any new quantum gas.

Over the past decade the crucial importance of the
scattering length has stimulated important advances in
collisional physics [4]. In all cases except hydrogen [5]
the scattering length has to be determined experimentally
as accurate ab initio calculations are not possible. An
estimate of the modulus jaj can be obtained relatively
simply by measuring kinetic relaxation times [6]. In some
cases the sign of a can be determined by such a method,
provided p-wave or d-wave scattering can be neglected
or accounted for theoretically [7]. These methods have
a limited accuracy since they rely on the knowledge of
the atomic density and kinetic properties. Precision
determinations are based on photoassociation [8],
vibrational-Raman [9], and Feshbach-resonance spec-
troscopy [10,11], or a combination of those. They require
refined knowledge of the molecular structure in ground
and excited electronic states [4] .

In this Letter we present a stand-alone interference
method for the accurate determination of the full (i.e.,
complex) s- and d-wave scattering amplitudes in a quan-
tum gas. Colliding two ultracold atomic clouds we ob-
serve the scattering halo in the rest frame of the
collisional center of mass by absorption imaging. The
clouds are accelerated up to energies at which the scat-
tering pattern shows the interference between the s- and
d-partial waves. After a computerized tomography trans-
formation [12] of the images we obtain an angular dis-

tribution directly proportional to the differential cross
section. This allows us to measure the asymptotic phase
shifts !l!k" (with k the relative momentum) of the s-wave
!l # 0" and d-wave !l # 2" scattering channels. Using
these !l!k" as boundary conditions, we integrate the
radial Schrödinger equation inwards over the $C6=r6

tail of the potential and compute the accumulated phase
[13] of the wave function at radius 20a0 (with a0 the Bohr
radius). All data of !l!k" are used to obtain a single
optimized accumulated phase from which we can infer
all the low-energy scattering properties, by integrating
again the same Schrödinger equation outwards. Note that
this procedure does not require knowledge of the density
of the colliding and scattered clouds, unlike the stimu-
lated Raman detection approach of Ref. [14]. We demon-
strate this method with 87Rb atoms interacting through
the ground-state triplet potential. We took data with both
condensates and thermal clouds. Here we report on the
condensates, as they allow us to observe the largest range
of scattering angles, 25% < "< 90%. Up to 80% of the
atoms are scattered without destroying the interference
pattern. With our method, we obtain a # &102!6"a0 for
the scattering length. The d-wave resonance [15] is found
at the energy Eres # 300!70" #K. These results coincide
within experimental error with the precision determina-
tions a # 98:99!2"a0 [11,16] and Eres # 270 #K [16],
obtained by combining the results of several experiments
as input for state-of-the-art theory.

In our experiments, we load about 3' 109 87Rb atoms
in the (fully stretched) jF # 2; mF # 2i hyperfine level of
the electronic ground state from a magneto-optical trap
into a Ioffe-Pritchard quadrupole trap (21' 477 Hz)
with an offset field of B0 # &0:9 G. We precool the
sample to about 6 #K using forced radio-frequency (rf)
evaporation. The cloud is split in two by applying a
rotating magnetic field and ramping B0 down to a
negative value B$

0 . This results in two time-averaged
orbiting potential (TOP) traps loaded with atoms [17].
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involved in the collision process the scattering yield and angular distributions have a simple inter-
pretation in terms of a theoretical model.
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Atomic collisions are a classic topic of quantum me-
chanics [1,2]. With the advent of laser cooling [3], confin-
ing and cooling various atomic species to submillikelvin
temperatures became possible and gave rise to a wealth of
experiments in which quantum effects in collisions at
very low energies—cold collisions—were observed [4].
Knowledge about cold collisions paved the way for excit-
ing new developments in experimental atomic physics.
Collisions played a crucial role in the achievement of
Bose-Einstein condensation [5] and Fermi degeneracy
[6] in dilute atomic vapors by mediating thermalization
during evaporative cooling and accounting for stability
[7]. For atoms at temperatures associated with the quan-
tum degenerate regime the essential interaction properties
are determined by a single atomic parameter, the scatter-
ing length, because all elastic scattering has an isotropic
(s-wave) nature at such low energies. The scattering
length may exhibit a pronounced dependency on external
magnetic fields giving rise to so-called Feshbach reso-
nances [8] which have recently been exploited to create
ultracold molecules [9] and molecular Bose-Einstein con-
densates (BECs) [10].

To date, most experiments on cold collisions of atoms
have been carried out using magneto-optical traps
(MOTs) or magnetic traps which suffer from the disad-
vantages that no collision axis is singled out or the col-
lision energy cannot be varied over a wide range [4,11]. If
no fixed collision axis is present, anisotropic scattering, as
occurs for collision energies above the s-wave regime,
will be obscured by spatial averaging. One solution to this
problem was provided in the ‘‘juggling’’ MOTexperiment
[12], where a cloud of cesium atoms was laser cooled to
3 !K and ejected vertically from a trap to collide with a
previously launched cloud at energies up to 160 !K.
Scattered atoms were detected using a spectroscopic
technique revealing interference between s and p partial
waves. In experiments on BECs, a collision axis was also

selected using Bragg scattering to accelerate part of the
atomic cloud, and pure s-wave scattering halos were
directly imaged [13].

In this Letter, we report experiments on the collision of
two bosonic atomic clouds, initially confined in a mag-
netic double-well potential and evaporatively cooled to a
temperature just above the phase transition for Bose-
Einstein condensation. Collisions at a selectable energy
occur when the trapping potential is continuously modi-
fied to a single-well configuration. The atomic clouds
accelerate from the sides of the harmonic potential and
collide at the center of the well. The resulting scattering is
equivalent to cold collisions of counterpropagating ultra-
cold pulsed atomic beams. Angular resolved detection of
scattered atoms is obtained using laser absorption imag-
ing. Specifically, we consider atomic clouds of doubly
spin-polarized 87Rb which are cooled to a temperature
of !225 nK and accelerated to collide with energies in
the range from 87 to 553 !K as measured in units of
Boltzmann’s constant kB. In this energy interval a d-wave
shape resonance is known to occur [14]. We observe scat-
tering patterns evolving from s-wave-like to d-wave-like
distributions via intermediate s" d interfering scattering
states which expose the quantum mechanical origin of
the process.

Quantum scattering of two particles under our condi-
tions is conveniently described in the partial-wave for-
malism. The wave function for the relative motion is
written  # eikz " f$"%eikr=r, where k is the magnitude
of the relative wave vector of the colliding particles. The
first term of this sum represents an incoming plane wave
traveling along the z axis, while the second term repre-
sents a radially outgoing scattered wave with an ampli-
tude which depends on the angle " to the z axis, (see, e.g.,
[15]). Using a partial-wave expansion of  , the scatter-
ing amplitude for identical bosons is expressed as f$"% #
P

l even$2l" 1%$e2i#l & 1%Pl$cos"%=ik, where Pl is the
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We demonstrate an interference method to determine the low-energy elastic scattering amplitudes of
a quantum gas. We linearly accelerate two ultracold atomic clouds up to energies of 1.2 mK and observe
the collision halo by direct imaging in free space. From the interference between s- and d- partial waves
in the differential scattering pattern we extract the corresponding phase shifts. The method does not
require knowledge of the atomic density. This allows us to infer accurate values for the s- and d-wave
scattering amplitudes from the zero-energy limit up to the first Ramsauer minimum using only the
van der Waals C6 coefficient as theoretical input. For the 87Rb triplet potential, the method reproduces
the scattering length with an accuracy of 6%.
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FIG. 2: (Color online) Absorption images acquired at a quarter of a
radial trap period after the collision of two doubly spin polarized Rb
clouds (visible as dark ellipses) for various collision temperatures.
The halos of scattered particles have elliptical envelopes since they
are evolving in an anisotropic harmonic trap which is weakest in the
horizontal direction (z-direction). At the selected time of acquisition
the scattering halos have the maximum radial excursion in the trap.

As is obvious from Fig. 2, the scattered particles are emitted
in spatial patterns which depend on the collision temperature.
It is possible to relate these patterns to the differential cross
section when the effects on the particle distribution of the har-
monic potential and the projection onto the imaging plane are
accounted for. As a result of the scattered particles expand-
ing in an anisotropic harmonic potential, the projected halos
seen in Fig. 2 have elliptical envelopes rather than the circle
expected for a free-space Newton sphere as shown in Fig. 1.
However, due to the cylindrical symmetry about the collision
axis (which is perpendicular to the optical axis of our imaging
system), full 3D tomographical information on the scattering
can be extracted from the 2D absorption images via the in-
verse Abel transform [20, 26]. Applying Abel inversion to the
absorption images gives us the angular particle distribution in
the trap at the time of image acquisition, to which the distri-
bution at the time of collision (the free space distribution) is
related in a straightforward manner [27].
In Fig. 4(a) we show polar plots of the probability density

nsc(θ, T ) ∝ dσ/dΩ for a scattered particle to be emitted at
the polar angle θ as determined from the absorption images in
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FIG. 3: Dependence on collision temperature. (a) The s (dotted line)
and d (dashed line) partial wave phase shifts from a simple theoreti-
cal model. (b) The s-wave (dotted line), d-wave (dashed line) and to-
tal (solid line) cross sections calculated from the model partial wave
phase shifts. (c) The measured scattered fraction of atoms Nsc/Ntot

(filled circles). The black curve shows the fraction as given by the
model cross section when depletion of the colliding atom clouds is
accounted for.

Fig. 2. The angular distributions for different temperatures
have been normalized with respect to each other such that
∫

nsc(θ, T )dΩ = 1 for all T , and were determined from the
Abel inverted images by counting the particles within angular
bins at a unit sphere transformed to the quarter period ellipsoid
via the relation in Ref. [27]. For comparison we present in
Fig. 4(b) the temperature development of the normalized dif-
ferential cross section as predicted by Eq. (1) using the partial
wave shifts from the previously described model. The scat-
tering patterns of Fig. 4(a) and Fig. 4(b) show the same be-
havior and the minor discrepancies between the experimental
and theoretical distributions may be attributed to broadening
effects from the finite sizes of the colliding clouds and a small
departure from an ideal scattering geometry, both of which
are not included in our analysis method [28]. For low temper-
atures the scattering is s-wave dominated and isotropic. How-
ever, at the onset of the d-wave scattering resonance the s and
d partial wave amplitudes interfere constructively in the radial
direction and destructively in the axial direction. Above the
d-wave resonance the scattering pattern is d-wave dominated,
but non-vanishing s-wave scattering gives rise to destructive
interference in the radial direction and constructive interfer-
ence in the axial direction. It is possible to evoke analogies
to Young’s well-known double slit experiment. In the present
experiment the s and d state each act as a slit and the distri-
butions in Fig. 4 are effectively fringe patterns resulting from
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Figure 1 | Creation and detection of higher order partial waves. (A) Two Raman laser beams couple the three hyperfine Zeeman states comprising the F = 1
manifold of the 87Rb 5S1/2 electronic ground state. (B) Energy-momentum dispersion relations for Raman-dressed atoms with Raman lasers counter-propagating
along ±ex. (C) Schematic representation of two Raman-dressed BECs with atomic momenta ~kx = ±2~kL following their collision, indicating the scattering
halo as imaged after TOF. A magnetic bias field, B0ey , generates the linear (⇥z) and quadratic (�) Zeeman shifts.

band, we demonstrate higher order d- and even g-wave scattering between
ultracold atoms at collision energies orders of magnitude below those tra-
ditionally required to depart from the s-wave regime. Odd partial waves
are absent when elastically scattered atoms lie in the same band and are
hence indistinguishable, while inelastic (band-changing) transitions can
have contributions from both even and odd partial waves.

We first consider the elastic interactions between dressed atoms in the
lowest n = �1 band when the relevant energies (kinetic, interaction, and
thermal) are less than the ⌅ ~�R energy gap between bands. The dressed
states are related to the bare atomic spin states by a momentum-dependent
unitary transformation, Ǔ(k) (a 3⇥3 matrix which depends only on kx),
that links the spin character of an atom to its momentum. To an excellent
approximation interactions between 87Rb atoms in the F = 1 manifold
are spin-independent16 and cannot change the spin, hence the scattering
amplitude from one pair of momentum states to another depends on the
overlap of the spin states associated with the initial and final momentum
states. The result of this momentum-dependent overlap is that atoms ex-
perience an interaction altered (see Supplementary Online Material) by a
response function of the form

⇤ = ⌦n=�1| Ǔ(k4)Ǔ
†(k2) |n=�1↵ ⌦n=�1| Ǔ(k3)Ǔ

†(k1) |n=�1↵ .
(2)

The range of the effective interaction arises from the momentum-
dependence of ⇤. In order to understand how large this range can become it
is useful to consider two limiting situations. Firstly, atoms scattering with

a small momentum difference, ~(k1,x � k2,x) ⌃
�
2m~�R, have nearly

the same bare spin composition. Secondly, particles with a large momen-
tum, ~kx ⌥

�
2m~�R, are unaltered by the Raman coupling. In either

case, ⇤ ⇧ 1 and the atoms collide as they did absent Raman coupling17.
For intermediate momenta ~k ⌅

�
2m~�R there is significant dressing-

altered scattering, giving �R ⌅ ~/
�
2m~�R =

�
EL/~�Rk2

L, the range
of the effective interaction potential, with �R ⌅ 50 nm ⌥ �vdW for our
experiment. This expression is valid in the limit ~�R � 4EL, required
for restricting atoms to the lowest band for our collision energies. As with
regular non-zero range potentials, slowly moving atoms experience s-wave
scattering, while at slightly larger velocities, higher partial waves are pos-
sible. By engineering the range of the effective potential to be much larger
than that of the real potential, the velocity for which higher partial waves
become important is proportionally smaller.

We experimentally investigated interactions between Raman-dressed
atoms by observing the scattering halo formed by the collision of two
BECs in the lowest energy Raman-dressed band (Fig. 1 C). The exper-
iments started with a nearly pure 87Rb BEC of around 5 ⇥ 105 atoms
in a crossed optical-dipole trap with frequencies, {⌅x,⌅y,⌅z}/2⇥ =
{13, 45, 90} Hz. That BEC is then prepared in the n = �1 Raman-
dressed band, with coupling strength �R, as a superposition of two (ini-
tially spatially overlapping) condensates with momenta ~kx = ±2~kL
per atom (see the Supplementary Online Material). After this prepara-
tion the dipole trap was immediately turned off (to� < 1 µs) allowing

2
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Figure 2 | Scattering halos produced by colliding Raman-dressed BECs imaged after 36.2 ms TOF. The 2D momentum distributions, projections of the scattering
halo onto the x-y plane, are shown along with the radial momentum distributions, n(k�, kx), (where k� = (k2

y + k2
z)

1/2) reconstructed using the inverse
Abel transform. (A-D) The halos produced by colliding dressed condensates are nearly ellipsoidal and have a non-isotropic angular density distribution. (A)
~�R = 4.2EL; (B) ~�R = 5.3EL; (C) ~�R = 9.9EL; (D) ~�R = 11.8EL. For reference, (E) depicts the s-wave scattering halo from a pair of colliding
BECs without Raman coupling in the |F = 1,mF = +1� spin state, as is typical for these collision energies. Each image represents the average of around 50
experimental shots. (F) Experimentally determined location (circles) of the scattering peaks, k =

�
k2
� + k2

x

⇥1/2 in (A)-(E) as a function of polar angle �, together
with theory (solid lines). Black - 4.2EL; magenta - 5.3EL; green - 9.9EL; red - 11.8EL; blue - s-wave. The s-wave halos displayed small deviations from a
perfectly spherical form, as expected for an initially anisotropic condensate for which mean-field interactions lead to a detectable distortion of the halo at the few
percent level32.

the dressed condensates to collide in the absence of any confining po-
tential. The scattering halos formed in ⇥ 2 ms during which time ⇥R

was held constant and the colliding BECs separated and expanded. Af-
ter this initial 2 ms time-of-flight (TOF), we transferred the atoms from
the ground dressed state into the bare |F = 1,mF = +1⌃ spin state (see
Ref. 14 and Supplementary Online Material), and imaged the final distri-
bution of atoms after a total of 36.2 ms TOF.

Figure 2 shows representative scattering halos from colliding BECs,
both with and without Raman dressing. The halos resulting from colli-
sions in the ground Raman-dressed band (Fig. 2A-D) are qualitatively dif-
ferent from those of undressed BECs in the |F = 1,mF = +1⌃ spin state,
which exhibit only s-wave scattering (Fig. 2E). The figure depicts both the
absorption images of the scattering halos (which record the column densi-
ties in the x-y plane) and the radial density distributions n(k�, kx) recon-
structed from the absorption images using the inverse Abel transform18.
The inverse Abel transform is appropriate for axially symmetric distribu-
tions, which is the case for the scattering products after TOF. The small
central cloud of atoms in the images is due to a residual fraction of k = 0
atoms remaining from the loading process into the ground Raman-dressed
band. The density of the k = 0 clouds is small enough that their effect on
the scattering halos is negligible.

A striking difference between these images is the shape of the scat-
tering halo. The scattering halo represents a surface of constant energy
on which the scattered particles lie due to conservation of energy and mo-
mentum in the binary collision process. For atoms with an isotropic free-
particle dispersion relation, the scattering halo in the center-of-mass frame
is approximately spherical in TOF, as observed in Fig. 2E. However, the
Raman lasers break the spherical symmetry of the system by modifying the
dispersion relation for motion along ex, E�1(k) = E�1(kx) + ~2(k2

y +
k2
z)/2m, resulting in the atoms lying on an approximately ellipsoidal sur-

face.
As ⇥R increases, E�1(k) tends to the isotropic ~2k2/2m free-

particle dispersion, and the scattering halo becomes spherical, as can be
seen in the progression in Fig. 2A-D. Figure 2F quantifies the shape of
the scattering halos, by plotting the positions of the peak in n(k�, kx) as a
function of the polar angle �. The peak locations are in agreement with

those expected from numerical calculations of E�1(k) using the mea-
sured values of ⇥R. The theory curves have no adjustable parameters and
neglect mean-field-driven expansion. We restricted our measurements to
~⇥R � 4EL, as for lower coupling strengths the lowest band becomes
significantly anharmonic. When ~⇥R ⇤ 2.5EL the band develops a triple
well structure15, at which point the scattering halo is no longer a simply
connected surface in space. All of these deviations from sphericity result
from a single-particle effect – the altered dispersion relations – and are not
a signature of beyond s-wave scattering which we discuss below.

Along with the modification in shape of the scattering halo, the distri-
bution of atoms on the scattering surface is also changed. There are two
main effects which determine the distribution of atoms: (i) the anisotropic
final density of states ⇤f (k) on the scattering halo, and (ii) effective higher-
order partial waves in the binary collision process. The first effect, due to
the shape of the scattering halo as determined by E�1(k), would occur
in an identical scattering experiment with spinless bosons subject to the
same energy-momentum dispersion relation. The second effect, described
by the response function ⇧ of Eq. 2, is a consequence of the momentum-
dependent spin structure of Raman-dressed atoms leading to beyond s-
wave interactions, and is the central result of this paper.

These independent effects may be quantified with Fermi’s golden
rule (FGR). For two colliding atoms the scattering rate from the |i⌃ =
⌅̂⇥†
�1(2kLex)⌅̂

⇥†
�1(�2kLex) |vac⌃ initial state (|vac⌃ is the many-body

vacuum, and ⌅̂⇥
n(k) describes the annihilation of a Raman-dressed atom

with wave vector k) into the |f⌃ = ⌅̂⇥†
�1(kf )⌅̂

⇥†
�1(�kf ) |vac⌃ final state

is �(kf ) = 2⇥|⇧f |Ĥint|i⌃|2⇤f (kf )/~, dependent on both the final den-
sity of states and the transition matrix element of the screened potential
Ṽ ⇥. It is the matrix element which describes the higher order partial wave
scattering, through its dependence on the response function ⇧ (see Supple-
mentary Online Material). The contributions of the density of states and
the matrix element to the anisotropic nature of the scattering rate �(kf )
are of comparable magnitude.

Figure 3A shows the peak signal as a function of � extracted from
the inverse Abel transform for several different ⇥R, normalized to the
anisotropic density of states (see Supporting Online Material). This nor-
malization removes all anisotropies except those due to beyond s-wave
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Figure 3 | Evolution of beyond s-wave scattering. (A) Peak signal of the radial momentum distribution (after normalizing to the anisotropic density of states) as a
function of polar angle ⇥ (circles) and fits to a partial wave expansion containing s-, d- and g-wave contributions (solid lines). (B) d-wave amplitude (red circles)
and g-wave amplitude (green circles) as a fraction of the s-wave amplitude together with the respective theoretical values (solid lines). Inset to (B): theoretical
fractional partial wave amplitudes for dressed condensates colliding with a ~�kx = 4~kL relative momentum over a larger range of �R, underlining that for
~�R/EL > (�kx/kL)2 (marked by the dashed vertical line), the response function ⇤ � 1 and the interactions return to pure s-wave.

scattering, which we quantify by fitting the data with the partial-wave
expansion p(⇥) = A|

�
l=0,2,4 (2l + 1)(exp 2i�l � 1)Pl(cos ⇥)|2/k2,

where the fit parameter, �l, is the phase shift of the lth partial wave,
Pl(cos ⇥) is the Legendre polynomial of order l, and A is an overall scaling
factor (e.g., dependent on the initial condensate densities and their inter-
action time). The fit was restricted to the angular range ⌅/5 ⇥ ⇥ ⇥ 4⌅/5
which excluded the region close to the unscattered clouds. The excluded
regions showed an increase in atom number beyond that expected, even for
pure s-wave scattering between bare spin states, possibly due to multiple
scattering events or Bose stimulation.

Figure 3 B displays the d- and g-wave amplitudes (normalized to
the s-wave amplitude) as a function of �R, obtained from fits as in
Fig. 3A, where the fractional amplitude of the lth partial wave is (2l +
1)sign(�0�l) |exp 2i�l � 1| / |exp 2i�0 � 1|. At ~�R = 4.1EL we find
a fractional d-wave amplitude of 13% for collision temperature Tcol =
µv2rel/2kB ⇤ 0.7 µK, where µ is the reduced mass of the colliding
particles and vrel their relative velocity. By comparison, two previous
experiments19, 20, which studied the scattering of 87Rb in a bare spin state,
did not find comparable d-wave magnitudes until Tcol � 100 µK. The
solid lines show the theoretical prediction for the fractional partial wave
amplitudes, calculated from a partial wave expansion of the matrix ele-
ment ⇧f |Ĥint|i⌃. Figure 3 B highlights the power of this technique for
engineering effective interaction potentials that are not only long-ranged
but also tunable; by changing �R we controlled both the magnitude and
sign of the d-wave phase shift.

We now consider collisions between atoms in the highest energy n = 1
Raman-dressed band. Although spin-changing collisions of bare atoms do
not occur in 87Rb, band-changing transitions of dressed atoms are in gen-
eral permitted17, 21. To study this effect we investigated the (energetically
allowed) collision-induced transitions of atoms to lower bands. We con-
sidered collisions in a single BEC (so atoms were colliding at extremely
low relative momenta) and observed the spatial distribution of the collision
products after TOF.

To prepare a BEC in the highest energy dressed state, we first loaded
it into the lowest energy Raman-dressed state with zero momentum13, 22.
The BEC was then excited to the highest energy dressed state with zero
momentum by amplitude modulating the Raman beams (see Supplemen-
tary Online Material). Figure 4B shows atoms in the n = 0 (intermediate
energy) Raman band which have decayed from the excited band by the

processes indicated schematically in Fig. 4A. The scattering products ex-
hibited a node in the kx = 0 plane, a dramatic manifestation of beyond s-
wave scattering. The inner halo (I) is due to a process where one atom in a
colliding pair undergoes an inelastic transition to the n = 0 band while the
other scattered atom remains in the n = 1 band. As the scattering products
are distinguished by their band index, the spatial wave function need not
be symmetric with respect to exchange, and the scattered wave function
can in principle have contributions from all partial waves. However, only
p-wave and higher odd partial wave components are permitted due to the
underlying symmetry of the Hamiltonian. We observed a ⇧ = 12(1) ms
1/e lifetime for decay from the excited state, in reasonable agreement with
an approximate calculation of the initial decay rate due to binary collisions
in our BEC based on FGR23, predicting a lifetime ⇧ ⌅ 9 ms. These ex-
cited bands are of intrinsic interest, for example in schemes considering
oppositely-charged particles in synthetic gauge fields24 or proposals for
generating non-abelian gauge fields for ultracold atoms, which rely on two
excited dressed states25. The observed rapid collisional de-excitation of
atoms from the excited dressed state suggests that these are not feasible,
although a more recent gauge-field proposal addresses this limitation26.

Our technique for creating long-range, effective interaction potentials
for ultracold atoms that allow beyond s-wave scattering at collision en-
ergies dramatically lower than previously possible has significant ramifi-
cations for many-body systems of ultracold atoms, bosons and fermions
alike. Furthermore the effective interaction potential is anisotropic in that
it is long-ranged only along the direction specified by the Raman beams
(which in general can be different from the collision axis). For bosons in
one or two dimensions, the ⌅ 50 nm effective range of the induced inter-
actions can be made comparable to the interparticle spacing for reasonable
atomic densities27, making crystalline ordering28 or supersolidity29 a pos-
sibility.
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Effective higher order partial waves

Dressed states are related to bare states by a 
momentum dependent unitary transformation, 
U(k).
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Atomic distribution on scattering halo
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Figure 3 | Evolution of beyond s-wave scattering. (A) Peak signal of the radial momentum distribution (after normalizing to the anisotropic density of states) as a
function of polar angle ⇥ (circles) and fits to a partial wave expansion containing s-, d- and g-wave contributions (solid lines). (B) d-wave amplitude (red circles)
and g-wave amplitude (green circles) as a fraction of the s-wave amplitude together with the respective theoretical values (solid lines). Inset to (B): theoretical
fractional partial wave amplitudes for dressed condensates colliding with a ~�kx = 4~kL relative momentum over a larger range of �R, underlining that for
~�R/EL > (�kx/kL)2 (marked by the dashed vertical line), the response function ⇤ � 1 and the interactions return to pure s-wave.

scattering, which we quantify by fitting the data with the partial-wave
expansion p(⇥) = A|

�
l=0,2,4 (2l + 1)(exp 2i�l � 1)Pl(cos ⇥)|2/k2,

where the fit parameter, �l, is the phase shift of the lth partial wave,
Pl(cos ⇥) is the Legendre polynomial of order l, and A is an overall scaling
factor (e.g., dependent on the initial condensate densities and their inter-
action time). The fit was restricted to the angular range ⌅/5 ⇥ ⇥ ⇥ 4⌅/5
which excluded the region close to the unscattered clouds. The excluded
regions showed an increase in atom number beyond that expected, even for
pure s-wave scattering between bare spin states, possibly due to multiple
scattering events or Bose stimulation.

Figure 3 B displays the d- and g-wave amplitudes (normalized to
the s-wave amplitude) as a function of �R, obtained from fits as in
Fig. 3A, where the fractional amplitude of the lth partial wave is (2l +
1)sign(�0�l) |exp 2i�l � 1| / |exp 2i�0 � 1|. At ~�R = 4.1EL we find
a fractional d-wave amplitude of 13% for collision temperature Tcol =
µv2rel/2kB ⇤ 0.7 µK, where µ is the reduced mass of the colliding
particles and vrel their relative velocity. By comparison, two previous
experiments19, 20, which studied the scattering of 87Rb in a bare spin state,
did not find comparable d-wave magnitudes until Tcol � 100 µK. The
solid lines show the theoretical prediction for the fractional partial wave
amplitudes, calculated from a partial wave expansion of the matrix ele-
ment ⇧f |Ĥint|i⌃. Figure 3 B highlights the power of this technique for
engineering effective interaction potentials that are not only long-ranged
but also tunable; by changing �R we controlled both the magnitude and
sign of the d-wave phase shift.

We now consider collisions between atoms in the highest energy n = 1
Raman-dressed band. Although spin-changing collisions of bare atoms do
not occur in 87Rb, band-changing transitions of dressed atoms are in gen-
eral permitted17, 21. To study this effect we investigated the (energetically
allowed) collision-induced transitions of atoms to lower bands. We con-
sidered collisions in a single BEC (so atoms were colliding at extremely
low relative momenta) and observed the spatial distribution of the collision
products after TOF.

To prepare a BEC in the highest energy dressed state, we first loaded
it into the lowest energy Raman-dressed state with zero momentum13, 22.
The BEC was then excited to the highest energy dressed state with zero
momentum by amplitude modulating the Raman beams (see Supplemen-
tary Online Material). Figure 4B shows atoms in the n = 0 (intermediate
energy) Raman band which have decayed from the excited band by the

processes indicated schematically in Fig. 4A. The scattering products ex-
hibited a node in the kx = 0 plane, a dramatic manifestation of beyond s-
wave scattering. The inner halo (I) is due to a process where one atom in a
colliding pair undergoes an inelastic transition to the n = 0 band while the
other scattered atom remains in the n = 1 band. As the scattering products
are distinguished by their band index, the spatial wave function need not
be symmetric with respect to exchange, and the scattered wave function
can in principle have contributions from all partial waves. However, only
p-wave and higher odd partial wave components are permitted due to the
underlying symmetry of the Hamiltonian. We observed a ⇧ = 12(1) ms
1/e lifetime for decay from the excited state, in reasonable agreement with
an approximate calculation of the initial decay rate due to binary collisions
in our BEC based on FGR23, predicting a lifetime ⇧ ⌅ 9 ms. These ex-
cited bands are of intrinsic interest, for example in schemes considering
oppositely-charged particles in synthetic gauge fields24 or proposals for
generating non-abelian gauge fields for ultracold atoms, which rely on two
excited dressed states25. The observed rapid collisional de-excitation of
atoms from the excited dressed state suggests that these are not feasible,
although a more recent gauge-field proposal addresses this limitation26.

Our technique for creating long-range, effective interaction potentials
for ultracold atoms that allow beyond s-wave scattering at collision en-
ergies dramatically lower than previously possible has significant ramifi-
cations for many-body systems of ultracold atoms, bosons and fermions
alike. Furthermore the effective interaction potential is anisotropic in that
it is long-ranged only along the direction specified by the Raman beams
(which in general can be different from the collision axis). For bosons in
one or two dimensions, the ⌅ 50 nm effective range of the induced inter-
actions can be made comparable to the interparticle spacing for reasonable
atomic densities27, making crystalline ordering28 or supersolidity29 a pos-
sibility.

1. Chin, C., Grimm, R., Julienne, P. & Tiesinga, E. Feshbach resonances in
ultracold gases. Rev. Mod. Phys. 82, 1225–1286 (2010).

2. Tiesinga, E., Verhaar, B. J. & Stoof, H. T. C. Threshold and resonance phe-
nomena in ultracold ground-state collisions. Phys. Rev. A 47, 4114–4122
(1993).

3. Regal, C. A., Ticknor, C., Bohn, J. L. & Jin, D. S. Tuning p-wave interactions
in an ultracold Fermi gas of atoms. Phys. Rev. Lett. 90, 053201 (2003).

4. Friedel, J. Electronic structure of primary solid solutions in metals. Advances
in Physics 3, 446 – 507 (1954).
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Figure 3 | Evolution of beyond s-wave scattering. (A) Peak signal of the radial momentum distribution (after normalizing to the anisotropic density of states) as a
function of polar angle ⇥ (circles) and fits to a partial wave expansion containing s-, d- and g-wave contributions (solid lines). (B) d-wave amplitude (red circles)
and g-wave amplitude (green circles) as a fraction of the s-wave amplitude together with the respective theoretical values (solid lines). Inset to (B): theoretical
fractional partial wave amplitudes for dressed condensates colliding with a ~�kx = 4~kL relative momentum over a larger range of �R, underlining that for
~�R/EL > (�kx/kL)2 (marked by the dashed vertical line), the response function ⇤ � 1 and the interactions return to pure s-wave.

scattering, which we quantify by fitting the data with the partial-wave
expansion p(⇥) = A|

�
l=0,2,4 (2l + 1)(exp 2i�l � 1)Pl(cos ⇥)|2/k2,

where the fit parameter, �l, is the phase shift of the lth partial wave,
Pl(cos ⇥) is the Legendre polynomial of order l, and A is an overall scaling
factor (e.g., dependent on the initial condensate densities and their inter-
action time). The fit was restricted to the angular range ⌅/5 ⇥ ⇥ ⇥ 4⌅/5
which excluded the region close to the unscattered clouds. The excluded
regions showed an increase in atom number beyond that expected, even for
pure s-wave scattering between bare spin states, possibly due to multiple
scattering events or Bose stimulation.

Figure 3 B displays the d- and g-wave amplitudes (normalized to
the s-wave amplitude) as a function of �R, obtained from fits as in
Fig. 3A, where the fractional amplitude of the lth partial wave is (2l +
1)sign(�0�l) |exp 2i�l � 1| / |exp 2i�0 � 1|. At ~�R = 4.1EL we find
a fractional d-wave amplitude of 13% for collision temperature Tcol =
µv2rel/2kB ⇤ 0.7 µK, where µ is the reduced mass of the colliding
particles and vrel their relative velocity. By comparison, two previous
experiments19, 20, which studied the scattering of 87Rb in a bare spin state,
did not find comparable d-wave magnitudes until Tcol � 100 µK. The
solid lines show the theoretical prediction for the fractional partial wave
amplitudes, calculated from a partial wave expansion of the matrix ele-
ment ⇧f |Ĥint|i⌃. Figure 3 B highlights the power of this technique for
engineering effective interaction potentials that are not only long-ranged
but also tunable; by changing �R we controlled both the magnitude and
sign of the d-wave phase shift.

We now consider collisions between atoms in the highest energy n = 1
Raman-dressed band. Although spin-changing collisions of bare atoms do
not occur in 87Rb, band-changing transitions of dressed atoms are in gen-
eral permitted17, 21. To study this effect we investigated the (energetically
allowed) collision-induced transitions of atoms to lower bands. We con-
sidered collisions in a single BEC (so atoms were colliding at extremely
low relative momenta) and observed the spatial distribution of the collision
products after TOF.

To prepare a BEC in the highest energy dressed state, we first loaded
it into the lowest energy Raman-dressed state with zero momentum13, 22.
The BEC was then excited to the highest energy dressed state with zero
momentum by amplitude modulating the Raman beams (see Supplemen-
tary Online Material). Figure 4B shows atoms in the n = 0 (intermediate
energy) Raman band which have decayed from the excited band by the

processes indicated schematically in Fig. 4A. The scattering products ex-
hibited a node in the kx = 0 plane, a dramatic manifestation of beyond s-
wave scattering. The inner halo (I) is due to a process where one atom in a
colliding pair undergoes an inelastic transition to the n = 0 band while the
other scattered atom remains in the n = 1 band. As the scattering products
are distinguished by their band index, the spatial wave function need not
be symmetric with respect to exchange, and the scattered wave function
can in principle have contributions from all partial waves. However, only
p-wave and higher odd partial wave components are permitted due to the
underlying symmetry of the Hamiltonian. We observed a ⇧ = 12(1) ms
1/e lifetime for decay from the excited state, in reasonable agreement with
an approximate calculation of the initial decay rate due to binary collisions
in our BEC based on FGR23, predicting a lifetime ⇧ ⌅ 9 ms. These ex-
cited bands are of intrinsic interest, for example in schemes considering
oppositely-charged particles in synthetic gauge fields24 or proposals for
generating non-abelian gauge fields for ultracold atoms, which rely on two
excited dressed states25. The observed rapid collisional de-excitation of
atoms from the excited dressed state suggests that these are not feasible,
although a more recent gauge-field proposal addresses this limitation26.

Our technique for creating long-range, effective interaction potentials
for ultracold atoms that allow beyond s-wave scattering at collision en-
ergies dramatically lower than previously possible has significant ramifi-
cations for many-body systems of ultracold atoms, bosons and fermions
alike. Furthermore the effective interaction potential is anisotropic in that
it is long-ranged only along the direction specified by the Raman beams
(which in general can be different from the collision axis). For bosons in
one or two dimensions, the ⌅ 50 nm effective range of the induced inter-
actions can be made comparable to the interparticle spacing for reasonable
atomic densities27, making crystalline ordering28 or supersolidity29 a pos-
sibility.

1. Chin, C., Grimm, R., Julienne, P. & Tiesinga, E. Feshbach resonances in
ultracold gases. Rev. Mod. Phys. 82, 1225–1286 (2010).
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Future directions

Particularly interesting with fermions:

C. Zhang et al, PRL  101, 160401 (2008)

K. Seo, L. Han, C. A. R. Sa de Melo, arXiv:1110:6364 (2011),

Could lead to p-wave superfluidity, Majorana fermions...

arXiv:1201:0177 (2011)

Fermions at NIST!
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Peierls substitution in an 
engineered lattice potential

K. Jiménez-García et al, PRL, 108, 225303 (2012)
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Rotating optical lattices: 
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Light-induced vector potential: 
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FIG. 1. E↵ective Zeeman lattice. a-b. A uniform magnetic
field B0ey

Zeeman-splits the levels in the F =1 ground state
manifold of 87Rb by !Z, and provides a quadratic Zeeman
shift ✏. In conjunction with an rf magnetic field Brfex

with
frequency �!, a pair of orthogonally-polarized counterpropa-
gating Raman beams with frequencies (!,!+�!) illuminates
the atomic sample. The rf and Raman fields have coupling
strengths ⌦rf and ⌦R. c. The spatially varying eigenvalues of
Ĥrf+R(x) (red, blue and green curves) give rise to our �/2
e↵ective Zeeman lattice; as plotted ~⌦rf =1E

L

, ~⌦R=10E
L

,
and ~� = 2E

L

. d. Spatial precession of Be↵(x) (dark arrow)
and the solid angle ⇥B it subtends when an atom tunnels
to the nearest neighboring site (points 1 to 5 in c.). This
geometrical Berry’s phase gives the Peierls phase �.

⌦R � ⌦rf , � we obtain the analogous result ~|⌦| ⇡
~[⌦R+⌦rf cos(2kLx)]/

p
2. In both of these limits, the

larger of the two fields defines a natural quantizing axis
about which the smaller field spatially modulates |⌦|.
For ⌦R�⌦rf , this quantizing axis is spatially rotating.

We experimentally characterize the lattice in three
ways: (i) we measure the e↵ective mass m⇤ =
~2[d2E(k

x

)/dk2
x

]�1, which in the tight-binding regime is
inversely proportional to t; (ii) we quantify the Peierls
phase � and test its robustness against fluctuations in
⌦rf ; and (iii) we investigate the di↵raction of BECs from
our e↵ective Zeeman lattice. In each case, we start
with 87Rb BECs in the |F = 1,m

F

= �1i state in a
crossed optical dipole trap with frequencies (f

x

, f
y

, f
z

)=
(13, 45, 90) Hz [11]. In the presence of a uniform bias
field B0ey, we apply an rf magnetic field with fre-
quency �!/2⇡ = g

F

µBB0 = 3.25 MHz and prepare the
BEC in the lowest energy rf-dressed state [12]. Two
�=790.33 nm Raman laser beams, counter-propagating
along e

x

and di↵ering in frequency by �!, couple the
BEC’s internal degrees of freedom with strength ⌦R

FIG. 2. E↵ective mass. a. Comparison of the oscillations of
a BEC in the |m

F

= �1i state to those in an rf-Raman
dressed BEC [~⌦R=12.4(9) E

L

and ~⌦rf =2.04(6) E
L

]. The
curves are fits to a sinusoid from which we obtain f

x

=
14.0(1) Hz and f⇤ = 5.3(1) Hz, thus m⇤/m = 7.0(3) and
t = 0.015(1)E

L

. b. Measurements of m⇤/m as a function of
⌦R and ⌦rf . The curves depict the expected m⇤/m ratio.

(Fig. 1a,b). The combination of rf and Raman coupling
creates a 1D lattice potential along e

x

, the direction of
momentum exchange defined by the Raman beams.
We obtain the atoms’ e↵ective mass m⇤ by inducing

dipole oscillations [13–15] along e
x

and measuring shifts
in the oscillation frequency as a function of the coupling
strengths ⌦R and ⌦rf . The atoms slosh in the lattice
for a variable time ⌧ , after which we remove all coupling
and confining potentials (thus projecting the final spin-
momentum superposition into bare atomic states) and
absorption image after a 28.2 ms time-of-flight (TOF).
Figure 2a shows bare and dressed condensates oscillat-
ing at frequencies f

x

and f⇤, respectively; Fig. 2b shows
that the e↵ective to bare mass ratio m⇤/m = (f

x

/f⇤)2

as a function of ⌦R and ⌦rf is in good agreement with
calculations (curves [14]). These data provide the tun-
neling matrix element amplitude t/E

L

= (m/m⇤)/⇡2 in
the tight-binding regime [16].
An important characteristic of our e↵ective Zeeman

lattice is the presence of a tunable Peierls hopping phase
�, which can be revealed through its e↵ects on E(k

x

) and
is experimentally controlled by adjusting ⌦

z

. We quan-
tify � both by adiabatically modifying the bandstructure
(“adiabatic method”) and by inducing oscillations in mo-
mentum space (“sudden method”, similar to above). Fur-
thermore, we test its robustness to variations in ⌦rf with
the latter method.
In the adiabatic method, we load a BEC at k

x

= 0
and adiabatically change ⌦

z

, such that the BEC always
sits at the minimum of E(k

x

) located at kmin. The time
scale for adiabaticity is set by the modified trapping fre-

1

2 3
4

5
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