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Optical control of the internal and external angular momentum of a Bose-Einstein condensate
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We present experimental results on the coherent transfer of orbital angular momentum (OAM) from optical
fields to the center-of-mass motion of a Bose-Einstein condensate (BEC), using an approach which results in
negligible linear momentum change. Two collinear optical beams of differing OAM are used to couple discrete
sublevels of the atomic ground state via a stimulated Raman process. We demonstrate several of the possible
optical field configurations which place the BEC into various spinor and vortex states. We also show how this
approach can be used to create coherent superpositions of these states and use the interference patterns of such
superpositions to confirm the presence of quantized vortices.
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Recent developments in atomic physics and optics have
clarified important parallels between the angular momentum
degrees of freedom of both coherent light and matter. It has
been long understood that photons possess a quantized inter-
nal spin corresponding to their polarization state, and that in
atom-photon interactions this internal angular momentum
can be coupled to the internal spin state of the atomic sys-
tem. [1,2] More recently, it has been shown that optical fields
also possess an external degree of freedom allowing them to
carry quantized angular momentum in their spatial mode
[3-5], which can couple to the external angular momentum
(i.e., center-of mass motion) of an atom.

Orbital angular momentum (OAM) states of light, which
include the Laguerre-Gaussian (LG) spatial modes, are char-
acterized by azimuthal phase winding about singularities in
the field [3]. In LG beams, the phase winding number (/)
corresponds to a quantized amount of OAM (I#) carried in
the mode. These so-called “vortex states” of light have a
direct counterpart in coherent matter systems such as super-
fluid helium [6,7] and Bose-condensed atomic gases (BEC)
[8,9]. In such systems, external angular momentum appears
as quantized vortices in the macroscopic many-body wave
function of the system. The idea of coupling between optical
vortex beams and BEC vortex states was first suggested a
decade ago [10]. Significant theoretical work has been done
[11-16] to refine the physical picture of this interaction,
however, there has been little progress toward experimental
implementation of such a vortex-coupling scheme until re-
cently [17].

In the interim, a number of different techniques, such as
the “phase engineering” approach [8,18], optical [19] and
magnetic [20] stirring techniques, and optical [21] and mag-
netic topological phase imprinting [22] have been used to
create vortices in BECs with well-documented success. The
angular momentum transfer technique we demonstrate here
is distinguished from each of these other methods by at least
one of the following characteristics. First, the amount of an-
gular momentum transferred is well-defined, being unam-
biguously determined by the angular momentum state of the
optical fields used. Second, the transfer process can be per-
formed repeatedly on comparatively short time scales (us),
allowing rapid creation and manipulation of coherent super-
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positions of vortex states. Third, the spin and vortex states
created in the BEC can be as spatially complex as the optical
beam modes used to create them, which could be generated,
for example, by means of a spatial light modulator.

The two-photon interaction we have used to transfer an-
gular momentum from optical fields to a BEC is illustrated
schematically in Fig. 1. Three states are coupled by a pair of
laser beams in a lambda configuration, such that atoms ini-
tially in one ground state sublevel are coherently transferred
to another sublevel, without populating the excited state.
Conservation of momentum dictates that the atoms must ac-
quire the difference in the momentum of the two fields. The
change in the atoms’ internal spin state is determined by the
polarizations of the two light fields. Similarly, the atoms’
external spin state (center-of-mass motion around a chosen
quantization axis) must change if there is a difference in the
external angular momentum of the two optical fields. If the
lasers are copropagating and the energy difference between
the two atomic ground states is small compared to the photon
energy, then the change in linear momentum is much smaller
than the momentum uncertainty of the BEC and can be ne-
glected. For example, Avy=AE/mc=50 pm/s in our experi-
ment.

The angular momentum transfer technique recently used
by Andersen et al. [17] is an ingenious modification of this

FIG. 1. Energy and momentum representation of the two-photon
interaction used in the experiment. The atomic states shown are part
of the ¥Rb D1 hyperfine structure. Atoms in the BEC, initially in
the |F=2,mp=2) state, are coupled into the |F=2,mp=0) state by
the application of the indicated laser fields ;, (.
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general idea, with several key differences between it and the
internal-state method described in the literature and used in
our work. The contrasting feature of that work was that
counterpropagating laser pulses were used to couple linear
momentum states of the BEC, rather than internal states. In
such a configuration, the linear momentum change is neces-
sarily much larger (=2#k) than the momentum uncertainty
of the BEC, causing the components of the cloud to physi-
cally separate after the interaction. We stress that our method
of adiabatic transfer between internal states avoids this issue,
however, a very stable magnetic bias field is required to pre-
cisely control the internal state energies. The ability to
change the internal spin state of the atom is an important
feature in itself, allowing the preparation of complex spin
textures of the BEC, with or without imparting OAM. In
atomic systems with many ground state sublevels, such as
87Rb, multiple components of the spinor wave function of
the BEC can be controlled by sequential, pairwise coupling
of selected sublevels with appropriate optical fields.

The multilevel nature of the alkali metal atoms introduces
several potential complications that must be dealt with to
ensure successful coherent population transfer between a se-
lected pair of magnetic sublevels (see [23] and references
therein). Adiabatic evolution of the system from an initial
bare state to a desired final state requires the existence of a
dressed state of null eigenvalue (dark state) connecting them
that remains well separated from other dressed states as the
system evolves. For the work described in this Rapid Com-
munication, in which we couple the F=2, m;=2,0,-2 states
via the F'=1, mp=1,-1 states (denoted |2), |0), [-2), |1"),
and |-1') hereafter), we have determined that limiting the
Rabi frequencies to no more than half the Zeeman splitting
of the ground state sublevels is sufficient to prevent problems
due to dressed state level crossings. We apply a uniform
magnetic bias field of 17 G, which is sufficient to separate
the adjacent ground state sublevels by 12 MHz, or twice the
natural linewidth. At this field value, the second-order Zee-
man shift of the |0) state (=83 kHz) exceeds the two-photon
linewidth (typically <40 kHz). This allows the two-photon
transition from |2) to |0) to be addressed independently from
the |0) to |-2) transition.

Our experimental procedure can be functionally
divided into three stages: target preparation, interaction, and
imaging. The preparation stage begins with the production
of a BEC of 10° ¥Rb atoms, spin-polarized in the |2) state
in a loffe-Pritchard magnetic trap. The trapping fields are
then turned off and the BEC expands and falls for 9 ms,
during which time the diameter of the cloud increases to
70 wm. After this expansion, the atomic density is low
enough (5 X 10'? atoms/cm?) that we have found it unneces-
sary to chirp the two-photon detuning during the optical in-
teraction, as predicted in Ref. [10] for denser BECs. This
delay also allows the strong magnetic trapping fields to de-
cay and be replaced by the uniform 17 G axial bias field,
which is calibrated and stabilized to better than 20 mG.

After the 9 ms target preparation stage, the Stokes and
pump laser pulses (see Figs. 1 and 2) are sequentially applied
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FIG. 2. Schematic of the experiment geometry showing the ori-
entation of the optical pulses with respect to the BEC, magnetic
field, and gravity. The boxed insets show axial views of one pos-
sible choice of optical beam modes and the resulting coreless vortex
state of the BEC [e.g., Fig. 3(d)].

to the BEC, with propagation axes aligned parallel to the
magnetic bias field and the symmetry axis of the BEC. The
spot sizes of these beams are typically 200 wm for a Gauss-
ian spatial mode, or 70 um for a LG mode. The LG modes
are generated by passing a collimated Gaussian beam
through a spiral phase plate which imparts a 27 azimuthal
phase winding. The beam is allowed to propagate to the far-
field and apodized. Field detunings are varied in a manner
described in the results section. The pulses have a roughly
Gaussian temporal profile with a duration of 60 us. The tem-
poral delay between the peak of the Stokes and pump pulses
is set to 30 us for on-resonant coherent population transfer,
or 10 us for off-resonant multipulse coherent transfer con-
figurations. For multiple step sequences, the delay between
operations is 10 us. The on-resonant Rabi frequencies varied
from 0.5-10 MHz, requiring peak beam powers of
<100 wW. The two-photon detuning is fine-tuned to reso-
nance by optimizing the population transfer at low beam
intensity.

Once the pump and Stokes pulses have been applied, the
BEC is in a mixed spin state, with different components
physically overlapping (see Fig. 2 inset). In order to image
the different spin components simultaneously, we physically
separate them by briefly applying a strong magnetic field
gradient [24] which is perpendicular to the beam symmetry
axis, and parallel to gravity. After an additional 20 ms of
free-fall and separation, absorption imaging down the axis of
symmetry shows the different spin components displaced
from each other, giving a picture of the composite spin state
of the BEC after interacting with the laser pulses.

In Fig. 3 the results of coherent population transfer for
various configurations of the optical fields are shown. Figure
3(a) shows a typical image of the BEC when no optical
pulses have been applied. Adjacent to it, Fig. 3(b) is an im-
age taken after performing coherent transfer to |0) using
Gaussian beams, which carry no OAM. Note that the transfer
efficiency is essentially 100%. This indicates, as expected,
that nonlinear interaction terms proportional to the mean-
field energy [10-15] are negligible for our present experi-
mental configuration. Figure 3(c) shows results when the
Stokes and pump beams are both in the LG(I) mode. No OAM
is transferred (Al=0), but a ring-shaped portion of the BEC
is transferred to |0), leaving 15% of the atoms in the |2) state
in the center.
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FIG. 3. Axial images of the BEC after spin-state separation. (a)
No optical fields applied. (b) Coherent transfer [2) — |0) with
Gaussian (G) beam modes. (c) |2) — |0) with Stokes (pump) beams
in LGa1 (LGal) modes, respectively. For (d) and (e) the beams are
detuned —500 MHz from [1”). (d) [2) — |0) using Stokes (pump)
modes G (LGy"). (e) Sequential coupling: |2) — |0) using G (LG,')
modes, then [0) — |-2) using G (LG,). The direction of gravity and
the B-field gradient is indicated. In the absence of the field gradient,
the spin components physically overlap. The field of view of each
image is 0.5 X2 mm.

In Figs. 3(d), 3(e), and 4, optical beam modes with differ-
ing OAM have been used (G and LG{)—"), which results in a
change of T# in the external angular momentum (Al= ¥ 1).
The beams have been detuned —500 MHz from the transition
to |1') to allow use of multiple pulse sequences where only a
fraction of the BEC is transferred by each pulse pair. Figure
3(d) shows the results of a single pulse pair transferring 20%
of the BEC to the |0) internal state and /=1 vortex state.
Figure 3(e) shows sequential two-photon coupling, first from
[2) to |0), then from |0) to |-2), with a mode configuration
that results in /=0 for the |-2) state. For confirmation that
this was a coherent two-step process, the LG modes for the
[2) — |0) and the subsequent |0) — |-2) transfer stages were
slightly displaced from each other, resulting in the small
remnant population in |0) observed in the figure.
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FIG. 4. Coherent superposition of /=1 and /=-1 vortex states
with resulting interference pattern. (a) and (b) Two successive trans-
fers of part of the BEC to the |0), /=1 vortex state [using G (LGal)
Stokes (pump) beam modes]. (c) and (d) Transfer to the |0), /=1
vortex state, followed by transfer to the |0), [=—1 state [G (LGE')
modes, then G (LG(I))]. The graph is a circular lineout from (d), with
a sin’(¢— ) fit to the data. The field of view in (b) and (d) is
280X 280 pm.
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The spin textures evident in Figs. 3(c)-3(e) illustrate the
potential for generating interesting topological states of the
internal spin independently of, or in addition to, the creation
of vortex states with external angular momentum. For ex-
ample, coreless vortices of either Mermin-Ho or Anderson-
Toulouse type [25-27] can be created with appropriately de-
signed pulse and mode configurations.

The presence or absence of external angular momentum
cannot be inferred from the BEC expansion rate in our ex-
periment. In our present configuration, the additional tangen-
tial velocity of atoms in a /= * 1 vortex state should be v |
=lfi/rmg,=~20 um/s. This is an unmeasurable fractional
change in the BEC’s radial expansion velocity (=3 mm/s).
Note that the |0) components in Figs. 3(c) and 3(d), for
which /=0 and 1, respectively, are qualitatively indistin-
guishable from each other. The cloud size differences ob-
served are mainly due to weak configuration-dependent di-
pole forces from the radial intensity gradient of the LG
optical beam modes.

To confirm the presence of quantized vortices in the BEC,
we use a procedure that creates a coherent superposition of
different vortex states and then observe the resulting interfer-
ence pattern. Figure 4 shows the results for two cases where
20% of the BEC is coherently transferred from [2) to |0)
twice successively, with (Al=*1) each time. In Figs. 4(a)
and 4(b), part of the BEC has been transferred twice to the
I=1 vortex state, and no interference is seen. In Figures 4(a)
and 4(b), a nearly equal fraction of the BEC has been placed
into both the /=1 and /=-1 states, and an interference pat-
tern is readily apparent. Because the phase of the order pa-
rameter for the /= * 1 vortex states varies as e %, where dis
the azimuthal angle, their coherent superposition exhibits a
sin?(¢— ¢y) azimuthal amplitude modulation, which is illus-
trated in the graph in the lower part of the figure. The angle
of the azimuthal node depends on the relative phase between
the vortex states, which is determined by the optical fields.
This interference pattern in the BEC order parameter is
analogous to the creation of an optical Hermite-Gaussian
beam mode by interference of two opposite-handed
Laguerre-Gaussian beam modes.

Generation of coherent superposition states in this manner
is not a trivial procedure, in some cases requiring careful
consideration of spatially inhomogeneous evolution of the
dynamic and geometric phase resulting from the spatially
varying intensities of the pump and Stokes laser beam modes
[28]. We anticipate that this characteristic of multipulse, mul-
timode coherent population transfer will be an interesting
subject for future study.

In summary, we have demonstrated controlled exchange
of internal and external angular momentum from optical
fields to a BEC and have shown several examples of the spin
textures and vortex states in which the BEC can be placed,
including coherent superpositions of states of different vor-
ticity. The dynamics of this interaction are complex, with a
number of potential topics for further study, including many-
body effects [10,16], geometric phase of mesoscopic spins
[29], and spin orbit coupling [30].

We expect that these techniques can be readily adapted to
work with an optically trapped BEC by accounting for the
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trapping potential and mean-field energy in the design of the
transfer pulse sequence. Creation of complex spinor BEC
states in a trap would be a useful tool for studying the dy-
namics and stability of such systems (e.g., [31,32]). With
improved magnetic field control, this technique could be
used in the magnetically degenerate regime, allowing the
implementation of proposals for studying ultracold atomic
clouds in non-Abelian gauge potentials [33]. Furthermore, it
is likely that this system could be used to perform storage
and retrieval of OAM states of light [ 14], which when com-
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bined with the ability to manipulate the atomic states may
make a so-called vortex phase qubit a viable model system
for studies related to quantum computation [15].
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