
Direct Observation of Tunneling and Nonlinear Self-Trapping
in a Single Bosonic Josephson Junction
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We report on the first realization of a single bosonic Josephson junction, implemented by two weakly
linked Bose-Einstein condensates in a double-well potential. In order to fully investigate the nonlinear
tunneling dynamics we measure the density distribution in situ and deduce the evolution of the relative
phase between the two condensates from interference fringes. Our results verify the predicted nonlinear
generalization of tunneling oscillations in superconducting and superfluid Josephson junctions.
Additionally, we confirm a novel nonlinear effect known as macroscopic quantum self-trapping, which
leads to the inhibition of large amplitude tunneling oscillations.
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Tunneling through a barrier is a paradigm of quantum
mechanics and usually takes place on a nanoscopic scale.
A well known phenomenon based on tunneling is the
Josephson effect [1] between two macroscopic phase co-
herent wave functions. This effect has been observed in
different systems such as two superconductors separated
by a thin insulator [2] and two reservoirs of superfluid
helium connected by nanoscopic apertures [3,4]. In this
Letter we report on the first successful implementation of a
bosonic Josephson junction consisting of two weakly
coupled Bose-Einstein condensates in a macroscopic
double-well potential.

In contrast to all hitherto realized Josephson junctions in
superconductors and superfluids, in this new system the
interaction between the tunneling particles plays a crucial
role. This nonlinearity gives rise to new dynamical re-
gimes. Anharmonic Josephson oscillations are predicted
[5–7] if the initial population imbalance of the two wells is
below a critical value. The dynamics changes drastically
for initial population differences above the threshold of
macroscopic quantum self-trapping [8–10] where large
amplitude Josephson oscillations are inhibited. The two
different dynamical regimes have been experimentally in-
vestigated in the context of Josephson junction arrays [11–
13]. However, the small periodicity of the optical lattice
does not allow to resolve individual wells and thus the
dynamics between neighboring sites. Our experimental
implementation of a single weak link makes it possible
for the first time to directly observe the density distribution
of the tunneling particles in situ. Furthermore we measure
the evolution of the relative quantum mechanical phase
between both condensates by means of interference [14].

The experimentally observed time evolution of the
atomic density distribution in a symmetric bosonic
Josephson junction is shown in Fig. 1 for two different
initial population imbalances (depicted in the top graphs).
In Fig. 1(a) the initial population difference between the
two wells is chosen to be well below the self-trapping

threshold. Clearly nonlinear Josephson oscillations are
observed; i.e., the atoms tunnel right and left over time.
The period of the observed oscillation is 40(2) ms which is
much shorter than the tunneling period of approximately

FIG. 1 (color). Observation of the tunneling dynamics of two
weakly linked Bose-Einstein condensates in a symmetric
double-well potential as indicated in the schematics. The time
evolution of the population of the left and right potential well is
directly visible in the absorption images (19:4 !m! 10:2 !m).
The distance between the two wave packets is increased to
6:7 !m for imaging (see text). (a) Josephson oscillations are
observed when the initial population difference is chosen to be
below the critical value zC. (b) In the case of an initial population
difference greater than the critical value the population in the
potential minima is nearly stationary. This phenomenon is
known as macroscopic quantum self-trapping.
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reaches the top position and continues to rotate with a
nonvanishing angular momentum.

In order to fully characterize the evolution of the system
we measure not only the population imbalance but also the
relative phase of the macroscopic wave functions. This is
achieved by releasing the Bose-Einstein condensates from
the double-well potential after different evolution times.
After a time of flight of 5 ms in the Josephson and 8 ms in
the self-trapping regime the wave packets interfere, unveil-
ing the relative phase in a direct way since the resulting
atomic fringes are similar to a double slit diffraction
pattern.

In Fig. 2 we present the quantitative analysis of our
experimental results. The measured fractional population
imbalance and the relative phase in the regime of
Josephson oscillations !z"0# $ 0:28"6#< zC% are shown
in Fig. 2(a). As expected for a symmetric double-well
potential the relative population oscillates around its
mean value hzi $ 0. The relative phase of the two Bose-
Einstein condensates oscillates with a finite amplitude of
! $ 0:5"2#" around h!i $ 0. The self-trapping regime
can be reached by simply increasing the initial asymmetry
of the double-well potential as indicated in the schematic
diagram in Fig. 2(b) realizing z"0# $ 0:62"6#> zC. In this
case theory predicts that z exhibits only small amplitude

oscillations which never cross z $ 0, i.e., hzi ! 0.
Additionally, the relative phase ! is unbound and is sup-
posed to wind up in time. In Fig. 2(b) these characteristics
of macroscopic quantum self-trapping are evident. The
population difference does not change over time within
the experimental errors and the phase increases monotoni-
cally. The initial deviation from the linear time dependence
of the phase is due to the finite response time of the piezo
actuated mirror.

The experimentally obtained results can be understood
quantitatively by going beyond the two mode model which
assumes stationary wave functions in the individual wells
which is only justified for Nl & Nr ' 1000 atoms [8].
Therefore, we numerically integrate the nonpolynomial
Schrödinger equation [19] using the independently mea-
sured trap parameters and atom numbers. The calculations
also include the fact that the piezo actuated mirror initiat-
ing the Josephson dynamics reaches its final position only
after 7 ms. It is remarkable that all experimental findings
are in excellent quantitative agreement with our numerical
simulation without free parameters.

The distinction between the two dynamical regimes—
Josephson tunneling and macroscopic self-trapping—be-
comes very apparent in the phase-plane portrait of the
dynamical variables z and !. For our experimental situ-
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FIG. 2 (color online). Detailed analysis of the time dependence of the two dynamical variables z and ! describing the system. The
top graphs depict the experimental preparation scheme implemented to realize different initial atomic distributions. The dynamics is
initiated at t $ 0 by switching nonadiabatically to the symmetric double-well potential. Graph (a) shows the familiar oscillating
behavior of both the population imbalance and the relative phase in the Josephson regime. The solid lines represent the results obtained
by numerically integrating the nonpolynomial Schrödinger equation, and are in excellent agreement with our experimental findings.
The shaded region shows the theoretically expected scattering of the data due to the uncertainties of the initial parameters and broadens
for large evolution times due to different oscillation frequencies for different initial population imbalances. The insets depict
representative atomic interference patterns obtained by integrating the absorption images along the y and z direction after the indicated
evolution times. In graph (b) the totally different dynamics in the regime of macroscopic quantum self-trapping becomes obvious. The
population imbalance exhibits no dynamics within the experimental errors and reveals the expected nonzero average hzi ! 0. Clearly
the phase is unbound and winds up over time. The error bars in the phase measurements denote statistical errors arising from the
uncertainty of the initial population imbalance.
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Tunneling through a barrier is a paradigm of quantum
mechanics and usually takes place on a nanoscopic scale.
A well known phenomenon based on tunneling is the
Josephson effect [1] between two macroscopic phase co-
herent wave functions. This effect has been observed in
different systems such as two superconductors separated
by a thin insulator [2] and two reservoirs of superfluid
helium connected by nanoscopic apertures [3,4]. In this
Letter we report on the first successful implementation of a
bosonic Josephson junction consisting of two weakly
coupled Bose-Einstein condensates in a macroscopic
double-well potential.

In contrast to all hitherto realized Josephson junctions in
superconductors and superfluids, in this new system the
interaction between the tunneling particles plays a crucial
role. This nonlinearity gives rise to new dynamical re-
gimes. Anharmonic Josephson oscillations are predicted
[5–7] if the initial population imbalance of the two wells is
below a critical value. The dynamics changes drastically
for initial population differences above the threshold of
macroscopic quantum self-trapping [8–10] where large
amplitude Josephson oscillations are inhibited. The two
different dynamical regimes have been experimentally in-
vestigated in the context of Josephson junction arrays [11–
13]. However, the small periodicity of the optical lattice
does not allow to resolve individual wells and thus the
dynamics between neighboring sites. Our experimental
implementation of a single weak link makes it possible
for the first time to directly observe the density distribution
of the tunneling particles in situ. Furthermore we measure
the evolution of the relative quantum mechanical phase
between both condensates by means of interference [14].

The experimentally observed time evolution of the
atomic density distribution in a symmetric bosonic
Josephson junction is shown in Fig. 1 for two different
initial population imbalances (depicted in the top graphs).
In Fig. 1(a) the initial population difference between the
two wells is chosen to be well below the self-trapping

threshold. Clearly nonlinear Josephson oscillations are
observed; i.e., the atoms tunnel right and left over time.
The period of the observed oscillation is 40(2) ms which is
much shorter than the tunneling period of approximately

FIG. 1 (color). Observation of the tunneling dynamics of two
weakly linked Bose-Einstein condensates in a symmetric
double-well potential as indicated in the schematics. The time
evolution of the population of the left and right potential well is
directly visible in the absorption images (19:4 !m! 10:2 !m).
The distance between the two wave packets is increased to
6:7 !m for imaging (see text). (a) Josephson oscillations are
observed when the initial population difference is chosen to be
below the critical value zC. (b) In the case of an initial population
difference greater than the critical value the population in the
potential minima is nearly stationary. This phenomenon is
known as macroscopic quantum self-trapping.

PRL 95, 010402 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
1 JULY 2005

0031-9007=05=95(1)=010402(4)$23.00 010402-1  2005 The American Physical Society

reaches the top position and continues to rotate with a
nonvanishing angular momentum.

In order to fully characterize the evolution of the system
we measure not only the population imbalance but also the
relative phase of the macroscopic wave functions. This is
achieved by releasing the Bose-Einstein condensates from
the double-well potential after different evolution times.
After a time of flight of 5 ms in the Josephson and 8 ms in
the self-trapping regime the wave packets interfere, unveil-
ing the relative phase in a direct way since the resulting
atomic fringes are similar to a double slit diffraction
pattern.

In Fig. 2 we present the quantitative analysis of our
experimental results. The measured fractional population
imbalance and the relative phase in the regime of
Josephson oscillations !z"0# $ 0:28"6#< zC% are shown
in Fig. 2(a). As expected for a symmetric double-well
potential the relative population oscillates around its
mean value hzi $ 0. The relative phase of the two Bose-
Einstein condensates oscillates with a finite amplitude of
! $ 0:5"2#" around h!i $ 0. The self-trapping regime
can be reached by simply increasing the initial asymmetry
of the double-well potential as indicated in the schematic
diagram in Fig. 2(b) realizing z"0# $ 0:62"6#> zC. In this
case theory predicts that z exhibits only small amplitude

oscillations which never cross z $ 0, i.e., hzi ! 0.
Additionally, the relative phase ! is unbound and is sup-
posed to wind up in time. In Fig. 2(b) these characteristics
of macroscopic quantum self-trapping are evident. The
population difference does not change over time within
the experimental errors and the phase increases monotoni-
cally. The initial deviation from the linear time dependence
of the phase is due to the finite response time of the piezo
actuated mirror.

The experimentally obtained results can be understood
quantitatively by going beyond the two mode model which
assumes stationary wave functions in the individual wells
which is only justified for Nl & Nr ' 1000 atoms [8].
Therefore, we numerically integrate the nonpolynomial
Schrödinger equation [19] using the independently mea-
sured trap parameters and atom numbers. The calculations
also include the fact that the piezo actuated mirror initiat-
ing the Josephson dynamics reaches its final position only
after 7 ms. It is remarkable that all experimental findings
are in excellent quantitative agreement with our numerical
simulation without free parameters.

The distinction between the two dynamical regimes—
Josephson tunneling and macroscopic self-trapping—be-
comes very apparent in the phase-plane portrait of the
dynamical variables z and !. For our experimental situ-
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FIG. 2 (color online). Detailed analysis of the time dependence of the two dynamical variables z and ! describing the system. The
top graphs depict the experimental preparation scheme implemented to realize different initial atomic distributions. The dynamics is
initiated at t $ 0 by switching nonadiabatically to the symmetric double-well potential. Graph (a) shows the familiar oscillating
behavior of both the population imbalance and the relative phase in the Josephson regime. The solid lines represent the results obtained
by numerically integrating the nonpolynomial Schrödinger equation, and are in excellent agreement with our experimental findings.
The shaded region shows the theoretically expected scattering of the data due to the uncertainties of the initial parameters and broadens
for large evolution times due to different oscillation frequencies for different initial population imbalances. The insets depict
representative atomic interference patterns obtained by integrating the absorption images along the y and z direction after the indicated
evolution times. In graph (b) the totally different dynamics in the regime of macroscopic quantum self-trapping becomes obvious. The
population imbalance exhibits no dynamics within the experimental errors and reveals the expected nonzero average hzi ! 0. Clearly
the phase is unbound and winds up over time. The error bars in the phase measurements denote statistical errors arising from the
uncertainty of the initial population imbalance.
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