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Abstract

Atom-molecule coherence in a Bose-Einstein condensate (BEC) has been demon-
strated. Sudden changes were made to the magnetic field near a Feshbach resonance
such that oscillations between atomic and molecular states were excited. The fre-
quency of these oscillations was measured over a large range of magnetic fields and was
found to be in excellent quantitative agreement with the predicted energy difference
between two colliding atoms and the bound molecular state. This agreement indicates
that we have created a quantum superposition of atoms and diatomic molecules, which
are chemically different species.

1 Introduction

A major thrust in recent BEC research has been to extend the level of ultimate
quantum control offered by a BEC to molecular systems. However, cooling molecules
to the ultracold temperatures needed for BEC is especially challenging because of
their complicated energy level structures. Standard laser cooling techniques that
have thus far been developed and perfected for atoms are not suited for molecules
since, in general, molecules lack the closed cycling transitions necessary to recycle
the population during the cooling process. The added rotational degree of freedom
of molecules is not the major hindrance to the existence of cycling transitions since
rotational transitions are governed by strict selection rules. In fact, optical transitions
can be found in a variety of molecules that are both electronically and rotationally
closed [1]. The problem lies in the extensive vibrational structure of molecules. After
undergoing spontaneous emission, a group of molecules that began in the same initial
excited electronic state are usually spread over many vibrational levels in the electronic
ground state potential because there is good Franck-Condon overlap between the
initial state and numerous ground vibrational states.

Several unique methods for cooling molecules are currently being developed. Some
groups are exploring new schemes to cool the molecules directly, while others rely
on making cold molecules from a sample of already cooled atoms. Perhaps the most
common route to creating cold molecules has been through photoassociation of cold
atoms either in a MOT or in an atomic BEC. For example, a two-photon stimulated
Raman transition in a 8"Rb BEC has been used to produce 8" Rb, diatomic molecules
in a single rotational-vibrational state of the ground-state potential [2]. It is unclear
whether the molecules possessed the coherence properties needed to consider them a
BEC as the authors were not able to probe these properties. Also, ultracold sodium



molecules have been produced via single-photon photoassiciation of a sodium BEC
[3]. Other methods for making ultracold molecules include using a Helium buffer
gas to cool paramagnetic molecules such as CaH in a magnetic trap [4] and using
electrostatic beam slowing techniques on polar molecules such as ND3 [5].

Utilizing the natural atom—molecule coupling that arises from a Feshbach resonance
is an alternate route for producing ultracold molecules from an atomic BEC and it
is the one we follow here. Theory predicts coherent oscillations between the atomic
and molecular states when the magnetic field is tuned in the vicinity of a Feshbach
resonance [11, 12]. To create a superposition of atoms and molecules and probe its
coherence properties, we applied two rapid magnetic field pulses toward the Feshbach
resonance that were separated by a free evolution time, teyoive, in which the magnetic
field was held at a constant value some distance from the resonance. The number of
atoms in the condensate oscillated as a function of teyo1ve at a frequency corresponding
to the energy splitting between atomic and molecular states during the free-evolution
period, indicating that we coherently produced cold molecules from an atomic BEC.
Whether this group of molecules could be considered a molecular condensate is up for
discussion.

Our method of producing cold molecules by using fast magnetic field pulses near
a Feshbach resonance may also have other applications. It may be possible to make
composite bosons out of fermions by utilizing a Feshbach resonance in a cold Fermi
gas [16]. Such diatomic molecules made of fermions may exhibit superfluid properties.

2 Feshbach Physics

The total energy of two colliding atoms is equal to the energy of a bound molecular
state at a Feshbach resonance, and atom—molecule transitions can occur during colli-
sions [6]. A schematic representation of the potentials involved is shown in the inset
of Fig. 1. For our 85Rb resonance, BEC atoms in the F' = 2, mr = —2 state col-
lide on the open-channel threshold. F' and mp are the total spin and spin-projection
quantum numbers. The bound state in the closed channel differs in energy by an
amount € from the open-channel threshold. The bound molecular wave function can
be described as a sum of amplitudes of different hyperfine components (F, mr) having
Mp = mp1+mp2 = —4 [7]. Because of their different spin configurations, the atoms
and molecules generally have different magnetic moments and the difference depends
on magnetic field. Thus € depends on magnetic field and the degree of atom—molecule
coupling is magnetically tunable. The energy difference between the free atoms and
the bound molecules versus magnetic field is plotted in Fig. 1.

Previous experiments have shown that inelastic losses are dramatically enhanced
when the magnetic field is ramped across the Feshbach resonance [8, 9]. It is likely
that the formation of molecules played a role in the loss, but there was no experi-
mental evidence for the presence of molecules. More recently, we measured the time
dependence of the loss by applying controlled magnetic-field pulses toward the Fesh-
bach resonance [10]. We observed the surprising result that under some conditions,
shorter, more rapid pulses actually led to more loss than longer, slower pulses that
spent more time near the resonance. The time dependence of the loss was suggestive
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Figure 1: Feshbach resonance bound-state energy versus magnetic field. The solid
curve is a theoretical coupled-channels calculation of the energy provided by S.J.J.M.F.
Kokkelmans and C.H. Greene. The inset schematically shows the collision channels in-
volved in the resonance. € depends on magnetic field because the atoms and molecules
have different magnetic moments and thus the potentials have different Zeeman shifts.

of a nonadiabatic mixing of states, with the only states within a reasonable energy
range being the normal atomic BEC state and the nearby highest lying molecular
state. Some simple modelling of the system using a Landau-Zener avoided crossing
picture yielded results which qualitatively resembled the trends of our experimental
data. Also, we observed Rabi-like oscillations in the number of atoms remaining after
a single magnetic field pulse toward the resonance versus the length of the pulse. These
oscillations were only visible over a very limited range of pulse heights (a near 1700 ao)
because both a strong coupling and a condensate loss time that is long compared to
the Rabi oscillation period were required.

3 Experimental Methods

The apparatus has been described in detail elsewhere [9, 10]. We first created **Rb
condensates typically containing 16,500 atoms, with fewer than 1,000 uncondensed
thermal atoms. The initial number, N;,;:, fluctuated from shot to shot by ~500 atoms
(~ 3% number noise). After producing the condensate at a field of ~162 G, we ramped
the magnetic field adiabatically to ~166 G, corresponding to an initial scattering
length a@;nit ~ 10 ao, where ap = 0.053 nm. The spatial distribution of the atoms
was Gaussian with a typical peak atom density of no = 5.4 x 10'® em™3. For some
experiments where a lower initial density was desired, the adiabatic ramp to ~166 G
was omitted so that the mean field repulsion at ~162 G (ainit =~ 200 ao) reduced
the peak initial density to no = 1.1 x 10'® cm™3. After preparing the condensate
we applied a selected fast magnetic-field pulse sequence by sending an appropriate
time-dependent current through an auxiliary magnetic-field coil [10]. A typical pulse
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Figure 2: Typical magnetic field pulse shape. The two pulses correspond to a scat-
tering length of ~2500 ag. The dashed line indicates the position of the Feshbach
resonance.

sequence is shown in Fig. 2. It is composed of two nearly identical short trapezoidal
pulses separated by a region of constant magnetic field. Upon completion of the fast-
pulse sequence in Fig. 2, we ramped the magnetic field from ~166 G to ~157 G in 5 ms
and held at that field for an additional 7 ms to allow the repulsive mean-field energy
to expand the condensate. Then we turned off the magnetic trap and used destructive
absorption imaging 12.8 ms later to observe the atomic condensate and measure the
number of remaining atoms [13]. This detection scheme was neither sensitive to atoms
with kinetic energies larger than ~ 2 K nor to atoms in off-resonant molecular states.
We determined the value of the magnetic field between the pulses by measuring the
resonance frequency for transitions from the F' =2, mp = —2 to the FF =2, mp = —1
spin state by applying a 10 us RF pulse to a trapped cloud of atoms and measuring
loss of atoms from the trap [10].

4 Burst and Remnant Oscillations

After the application of a fast double magnetic field pulse sequence as described above
there were two spatially distinct components visible in typical absorption images, as
well as one undetected component. These three components were also observed in
previous work after applying just a single pulse towards the resonance [10]. The most
visible component was a cold BEC “remnant” whose spatial structure was similar to
that of the initial condensate. This remnant of the condensate did not appear to be
appreciably heated or excited by the fast-pulse sequence. The second detectable com-
ponent was a comparatively hot (~150 nK) “burst” of atoms that remained trapped
throughout the experiment and had a larger spatial extent than the remnant. The
mean-field expansion energy that was imparted to the BEC remnant in order to mea-
sure its number was, as calculated using a variational approach [14], at most ~3 nK.
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Figure 3: Nremnant versus tevoive. @, Bevolve = 156.133(6) G (Gevolve = 3565 ao),
no = 1.1 x 10" cm 2. Note that in this case, the two pulses reached ~5000 ag. We
have found that increasing the amplitude of the pulses above ~2500 ao to ~20,000 ao
has no effect on the oscillations. The fit parameters are vo = 4.5(6) kHz, 7 =
174(13) us, and m = 7.2(3) atoms/us. b, Beyortve = 159.61(1) G (@evoive = 600 ao),
no = 1.3 x 10" cm™3. Note that here Ninie = 29,000. The fit parameters are vy =
133(1) kHz, 7 = 38(8) us, and m = 19(6) atoms/pus.

Finally, the “missing” component consisted of atoms that were in the initial sample
but were not detected after the trap turn off.

In order to count the number of atoms in the remnant and burst effectively, we
waited for the relatively dilute burst to be focused by the magnetic trap. We then fit
the focused burst to a two-dimensional gaussian surface, excluding the central region
that contained the remnant to obtain Np,rs¢. This fit was subsequently subtracted
from the original image and a pixel-by-pixel sum was performed over the central region
to obtain Nyemnant. Nmissing Was calculated by subtracting Nremnant and Npyrse from
Ninit-

Nremnant VErsus teypolve 18 plotted in Fig. 3 for two different values of Beyolve-
There is clearly an oscillation in Nyemnant- The data has been fit to the function y =
yo+Aexp (—t/7) sin (2mvt + ¢)—mit to find the oscillation frequency v = /v3 — 1/72,
decay time constant 7, and a linear loss term m. We have taken similar data for a
variety of different Beyoive values. The measured frequencies are plotted versus Beyolve
in Fig. 4 along with theoretical predictions for the bound state energy relative to the
atomic state. The bound state energy can be approximated by € = —FL2/77m2 when
the scattering length is much larger than the radius of the interatomic potential, but
a more sophisticated coupled-channels calculation is needed to determine the binding
energy over the entire range. h is Plank’s constant divided by 27, m is the atomic
mass, and a is the scattering length. The data agree well with the simple theoretical
model over the range in which the theory is expected to be valid and with the coupled-
channels result over the entire range of magnetic field.

Npurst and the total number also oscillated at the same frequency as the remnant
but with different phases as shown in Fig. 5. For conditions under which most data
were collected, the burst contained an average of ~5000 atoms. Npyrs¢ depended on
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Figure 4: Oscillation frequency, v, versus magnetic field. The points are the measured
frequencies. The solid line is the energy difference between the atom—atom threshold
and the bound molecular state found by S. Kokkelmans with a coupled-channel scat-
tering calculation. The dotted line is a plot of the simple theory prediction €¢/h. The
inset is an expanded view of the lower-frequency data.

density and varied from half of the atoms lost from the condensate for our typical peak
density of no = 5.4 x 10'® ¢cm ™2 to nearly all of the atoms lost from the condensate
for no = 1.1 x 10*® cm 3.

The relative phase between the remnant and burst oscillations depended strongly on
the fall time of the second pulse as shown in Fig. 6. This change in the relative phase
between the two visible oscillating components affected the total number oscillation
amplitude. As the fall time was increased, the burst and remnant oscillations became
more in phase and their oscillations added more constructively to give a larger total
number oscillation amplitude. As shown in the inset of Fig. 5, the missing atom
fraction increased with the fall time of the second pulse and also levelled out near
150 ps.

The damping time for the oscillations, T4ecay, Wwas not measured with high precision
for many values of Beyoive, leading to uncertainties as large as 100% for some fields.
At frequencies near 200 kHz, we measured Tgecay = 38(8) s for ng = 5.4 x 10** cm ™3
and Tgecay = 91(33) us when we decreased ng to 1.1 X 10'® cm 3. There was no strong
dependence of Tgecay on magnetic field except within ~ 2 G of the Feshbach resonance
where Tgecay decreased from 261(36) us to 132(18) us as the magnetic field decreased
from 156.804(25) G towards resonance to 156.027(11) G (for ng to 1.1 x 10'3 cm™2).
The linear loss rate was on the order of 5 to 10 atoms/us and preliminary data
shows that there is no strong dependence on density or field, and the loss appears
to be consistent with that due to a single pulse followed by a hold at Beyoive for a
time tevotve (N0 second pulse). The damping rate and linear loss slope are subjects of
continuing investigations.
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Figure 5: Number versus teyoive for no = 1.1 x 10*% em 3. From bottom to top, there
is Nourst (open circles), Nremnant (filled circles), and the total number of observed
atoms (gray squares). Each data set was fitted as explained in the text. Nt =
17,100 is indicated by the flat dashed line. Beyowe = 159.84(2) G and the remnant
data fitted to an oscillation frequency of 196(1) kHz and Tgecay = 91(33) us. Not all
data used to obtain Tgecay are shown.
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Figure 6: Phase difference between remnant and burst oscillations versus fall time of
the second pulse. Measurements were done with ng = 1.1 x 10*3 cm ™2 at an oscillation
frequency around 200 kHz. The inset shows the missing atom fraction as a function
of the fall time of the second pulse.



Our interpretation of our observations is that the first magnetic field pulse coher-
ently transfers some atoms in the condensate to the molecular state. The superposition
then evolves in accordance with the energy splitting between the states. The second
pulse mixes the atom and molecule states again such that the final state depends on
the relative phase between the atomic and molecular fields at the time of the second
pulse. The mechanism of the burst is yet unknown, as is the fate of the missing atoms.
Can the molecules be considered a molecular condensate? A beyond mean-field pairing
theory proposed by S.J.J.M.F Kokkelmans and M.J. Holland [15] has been successful
in predicting the existence of the these three oscillating components and the burst
energies roughly agree with our experimental data. The major discrepancy is that
this theory predicts far fewer missing atoms than are observed, particularly for higher
initial densities. Also, the behavior of the system when the fall time of the second
pulse was varied could not be predicted using this theory.
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