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Engineering fast and stable splitting of matter waves
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When attempting to split a coherent noninteracting atomic cloud by bifurcating the initial trap into two
well-separated wells, slow adiabatic following is unstable with respect to any slight trap asymmetry, and the
matter wave “collapses” to the well with the lowest energy. A generic fast chopping splits the wave but it also
excites it. Shortcuts to adiabaticity engineered to speed up the unperturbed adiabatic process through nonadiabatic
transients provide, instead, quiet and robust balanced splitting. For a Bose-Einstein condensate in the mean-field
limit, the interatomic interaction makes the splitting, adiabatic or via shortcuts, more stable with respect to trap
asymmetry. Simple formulas are provided to distinguish different regimes.
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I. INTRODUCTION

The splitting of a wave packet is an important operation
in matter wave interferometry [1–4]. A strategy to improve
the interferometer performance is to suppress the interaction
[5,6], so let us first consider a noninteracting Bose-Einstein
condensate (BEC). For this system, complete wave splitting
into two separated branches is a peculiar operation because
adiabatic following, rather than robust, is intrinsically unstable
with respect to a small external potential asymmetry [7]. The
potential is assumed here to evolve from a single well to a final
double-well where tunneling is negligible [8]. The ground-
state wave function “collapses” into the final lower well (or,
more generally, into the one that holds the lowest ground state
as in [7]) and a very slow trap potential bifurcation fails to
split the wave except for perfectly symmetrical potentials.
A fast bifurcation remedies this but the price is typically a
strong excitation, which is also undesired, as it produces loss
of contrast in the interference patterns when recombining the
two waves [9]. We propose here a way around these problems
by using shortcuts to adiabaticity that speed up the adiabatic
process along a nonadiabatic route [10]. Wave splitting via
shortcuts avoids the final excitation and is significantly more
stable with respect to asymmetry than the adiabatic following.
Specifically we use a streamlined version [11] of the fast-
forward (FF) technique of Masuda and Nakamura [12] applied
to the Gross-Pitaevskii (GP) or Schrödinger equations. We
have previously found some obstacles to application of the
invariant-based method (quadratic-in-momentum invariants
do not satisfy the required boundary conditions [11]) and the
transitionless-driving algorithm [13] (because of difficulties in
implementing counter-diabatic terms in practice).

In Sec. II we summarize the FF approach for condensates
(interacting or not) in one dimension and its application
to splitting. In Sec. III the effect of a small asymmetric
perturbation is studied for noninteracting matter waves, and
Sec. IV analyzes and interprets the results with the aid of a
moving two-mode model. Section V studies the remarkable

*eriktorrontegui@gmail.com

stability with respect to the asymmetry achieved due to
interatomic interactions in the mean-field limit, and different
regimes are distinguished. Finally, Sec. VI discusses the results
and open questions.

II. FAST-FORWARD APPROACH

The FF method [11,12,14] may be used to generate
external potentials VFF and drive the matter wave from an
initial single well to a final symmetric double-well. In one
dimension, the starting point of the streamlined version in [11]
is the time-dependent GP equation ih̄∂t |ψ(t)〉 = H (t)|ψ(t)〉,
where H (t) = T + G(t) + V (t) includes the kinetic energy T ,
external potential V , and mean-field potential G. Assuming a
local V , 〈x|V (t)|x ′〉 = V (x,t)δ(x − x ′), we formally solve for
it in the GP equation,

V (x,t) = [ih̄〈x|∂tψ(t)〉 − 〈x|T + G|ψ(t)〉]/〈x|ψ(t)〉, (1)

with 〈x|T |ψ(t)〉= − h̄2

2m
ψ ′′(x,t) and 〈x|G(t)|ψ(t)〉= g1N

|ψ(x,t)|2ψ(x,t). The primes denote derivatives with respect to
x, g1 is the effective, one-dimensional (1D) coupling constant
of the BEC, and N is the number of atoms. For the numerical
examples we consider 87Rb atoms. Using in Eq. (1) the ansatz
〈x|ψ(t)〉 = r(x,t)eiφ(x,t), r(x,t),φ(x,t) ∈ R, then

Re[V (x,t)] = −h̄φ̇ + h̄2

2m

(
r ′′

r
− (φ′)2

)
− g1Nr2, (2)

Im[V (x,t)] = h̄
ṙ

r
+ h̄2

2m

(
2φ′r ′

r
+ φ′′

)
, (3)

where the overdot indicates the time derivative. We impose
Im[V (x,t)] = 0 and require that the ground state of the initial
Hamiltonian H (0) evolve in a time tf into the corresponding
ground state of the final H (tf ), assuming that the Hamiltonian
is given at the boundary times. In the inversion protocol,
r(x,t) is designed first, and Eq. (3) is solved for φ to get
VFF(x,t) := Re[V (x,t)] from Eq. (2). To ensure that the initial
and final states are eigenstates of the stationary GP equation
we impose ṙ = 0 at t = 0 and tf . Then Eq. (3) has solutions
φ(x,t) independent of x at the boundary times [11]. Using this
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FIG. 1. Contour plot of VFF in units h̄ω from Eq. (2) for (a)
a three-well interpolation and (b) a Y -shaped form. Parameters:
ω = 780 rad/s, and tf = 320 ms.

in Eq. (2) at t = 0, and multiplying by eiφ(0),[−h̄2

2m
∇2 + V (x,0) + g1N |ψ(x,0)|2

]
ψ(x,0)=−h̄φ̇(0)ψ(x,0).

The initial state ψ(x,0) is an eigenstate of the stationary GP
equation with chemical potential −h̄φ̇(0) = μ(0). A similar
result is found at tf .

In the following two sections we consider first g1 = 0
and split an initial single-Gaussian state f (x,0) = e−x2/2a2

0

(a0 = √
h̄/mω) into a final double-Gaussian f (x,tf ) =

e−(x−xf )2/2a2
0 + e−(x+xf )2/2a2

0 . In previous works [11,12] use
has been made of the interpolation r(x,t) = z(t){[1 − R(t)]
f (x,0) + R(t)f (x,tf )}, where R(t) is a smooth,
monotonously increasing function from 0 to 1, and z(t) is a
normalization function. This produces a triple-well potential
at intermediate times. Here we use instead the two-bump
form r(x,t) = z(t)[e−[x−x0(t)]2/2a2

0 + e−[x+x0(t)]2/2a2
0 ], which

generates simpler Y -shaped potentials (see Fig. 1). We impose
ẋ0(0) = ẋ0(tf ) = 0, so ṙ = 0 at the boundary times. In the
numerical examples x0(s) = xf (3s2 − 2s3), where s = t/tf ,
and xf = 4 μm (see, e.g., [15]); Equation (3) is solved with
the initial conditions φ(x = 0) = ∂φ

∂x
|x=0 = 0.

III. EFFECT OF THE PERTURBATION

Assume now a perturbed Hamiltonian Hλ = T + Vλ with
Vλ = VFF + λθ (x), where θ (x) is the step function and λ

the potential imbalance. Except in the final discussion, we
assume that λ is some uncontrollable and hard-to-avoid small
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FIG. 2. (Color online) Different fidelities versus the perturbation
parameter λ for the FF approach (lines) and the two-mode model
(symbols). F

(0)
D , long-dashed (blue) line and circles; FD , solid (red)

line and squares; FS , short-dashed (black) line and triangles; FI ,
dotted (green) line and diamonds. The vertical (orange) line is
at 0.2/(tf ω). (a) tf = 20 ms; (b) tf = 90 ms; (c) tf = 320 ms.
ω = 780 rad/s.

perturbation, typically unknown, due to imperfections of the
experimental setting. The adiabatic splitting becomes unstable,
as we shall see, but the instability does not depend strongly
on this particular form, chosen for simplicity. It would also be
found, for example, for a linear-in-x perturbation, a smoothed
step, slightly different frequencies for the final right and left
traps, or a shifted central barrier [7]. In the final potential
configuration, with negligible tunneling, the two wells are
independent, and the global ground state is localized in one of
them.

To analyze the effects of the perturbation on the wave-
function structure and on the shortcut dynamics, we compute
several wave-function overlaps: FS = |〈ψ−

0 (tf )|ψ−
λ (tf )〉|, the

(black) short-dashed line in Fig. 2, is the “structural fidelity”
between the (perfectly split) ground state ψ−

0 (tf ) of the
unperturbed potential VFF(tf ) and the final ground state ψ−

λ (tf )
of the perturbed potential Vλ. This would be the fidelity found
with the desired split state if the process were adiabatic. FS(λ)
decays extremely rapidly from 1 at λ = 0 to 1/

√
2, which

corresponds to the collapse of the ground state of the perturbed
potential Vλ into the deeper well.
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F
(0)
D = |〈ψ−

0 (tf )|ψ(tf )〉|, the (blue) long-dashed line in
Fig. 2, is the fidelity between the state dynamically evolved
with Hλ, ψ(x,tf ) = 〈x|eiHλtf /h̄|ψ(0)〉, and ψ−

0 (tf ). ψ(0) =
ψ−

λ (0) is the initial ground state with Vλ(0). If ψ(0) = ψ−
0 (0) is

used instead, the results are indistinguishable; see the overlap
FI = |〈ψ−

λ (0)|ψ−
0 (0)〉| ≈ 1 [dotted (green) line] in Fig. 2.

The flat F
(0)
D (λ) at small λ, in sharp contrast to the

rapid decay of FS(λ), demonstrates the robustness of the
balanced splitting produced by the shortcut. Shorter process
times tf make the splitting more and more stable [compare
Figs. 2(a)–2(c)]. (We assume condensate lifetimes of the order
of seconds; see, e.g., [16].) In principle, tf may be reduced
arbitrarily. In practice, this reduction implies an increase in
transient energy excitation that requires accurate potential
engineering for higher energies [17]. Considering that the
time-averaged standard deviation of the energy 	E should be
limited at some value a general bound is tf > h/(4	E) [18].
For the trap frequency in the examples (780 rad/s) and setting
	E = h̄ω the bound saturates for a time tf = 2 ms, 10 times
shorter than our shortest time in Fig. 2.

Finally, FD = |〈ψ(tf )|ψ−
λ (tf )〉| [solid (red) line in Fig. 2]

is the fidelity between the dynamically evolved state ψ(tf ) and
the final ground state ψ−

λ (tf ) for the perturbed potential. If the
process is adiabatic, then FD ≈ 1. For very small perturbations
FD ≈ FS . In this regime the dynamical wave function ψ(tf )
is not affected by the perturbation and becomes ψ−

0 (tf ), up
to a phase factor; note that F

(0)
D ≈ 1 there. We understand

and quantify below this important regime as a sudden process
in a moving-frame interaction picture. As λ increases, the
energies of the ground and excited states of Vλ separate and the
process becomes less sudden and more adiabatic. In Fig. 2(c)
for tf = 320 ms and for large values of λ, FD approaches 1
again, and the final evolved state collapses to one side and
becomes the ground state of Vλ. For the shorter final times
in Figs. 2(a) and 2(b), larger λ values are needed so that FD

approaches 1 adiabatically.

IV. MOVING TWO-MODE MODEL

Static two-mode models have been previously used to
analyze splitting processes or double-well dynamics [3,19,20].
Here we add the separation motion of left and right basis
functions to provide analytical estimates and insight. In terms
of a (dynamical) orthogonal bare basis |L(t)〉 = ( 0

1

)
, |R(t)〉 =( 1

0

)
, our two-mode Hamiltonian model is

H (t) = 1

2

(
λ −δ(t)

−δ(t) −λ

)
, (4)

where δ(t) is the tunneling rate [3,19,20]. We may consider
λ constant through a given splitting process, for the time
being, and equal to the perturbative parameter that defines
the asymmetry. A more detailed approach discussed later
does not produce any significant difference. The instantaneous
eigenvalues are

E±
λ (t) = ± 1

2

√
λ2 + δ2(t), (5)

and the normalized eigenstates take the form

|ψ+
λ (t)〉 = sin

(α

2

)
|L(t)〉 − cos

(α

2

)
|R(t)〉,

(6)
|ψ−

λ (t)〉 = cos
(α

2

)
|L(t)〉 + sin

(α

2

)
|R(t)〉,

where α = α(t) is the mixing angle given by tan α = δ(t)/λ.
The bare basis states {|L(t)〉,|R(t)〉} are symmetrical

and orthogonal-moving left and right states. Initially they
are close to each other and δ(0) 	 λ. The instantaneous
eigenstates of H are the symmetric ground state |ψ−

0 (0)〉 =
1√
2
(|L(0)〉 + |R(0)〉) and the antisymmetric excited state

|ψ+
0 (0)〉 = 1√

2
(|L(0)〉 − |R(0)〉) of the single well. At tf we

distinguish two extremes:
(1) For δ(tf ) 	 λ the final eigenstates of H tend to

symmetric and antisymmetric splitting states |ψ∓
λ (tf )〉 =

1√
2
(|L(tf )〉 ± |R(tf )〉).
(2) For δ(tf ) � λ the final eigenfunctions of H collapse

and become right- and left-localized states: |ψ−
λ (tf )〉 = |L(tf )〉

and |ψ+
λ (tf )〉 = |R(tf )〉.

Since δ(tf ) is set as a small number to avoid tunneling in the
final configuration, the transition from one to the other regime
explains the sharp drop in FS at small λ ≈ δ(tf ).

A. Moving-frame interaction picture

We define now a moving-frame interaction-picture (IP)
wave function ψA = A†ψS , where A = ∑

β=L,R |β(t)〉〈β(0)|
and ψS is the Schrödinger-picture wave function. ψA obeys
ih̄ψ̇A = (HA − KA)ψA, with HA = A†HA and KA = ih̄A†Ȧ,
but for real 〈x|R(t)〉 and 〈x|L(t)〉, the symmetry 〈x|R(t)〉 =
〈−x|L(t)〉 makes KA = 0.

Inverting Eq. (6) the bare states may be written in terms of
the ground and first excited states and energies. The two-level
model approximates the actual dynamics by first identifying
|ψ±

0 (t)〉 and E±
0 (t) with the instantaneous ground and excited

states and energies of the unperturbed FF Hamiltonian.1

We combine them to compute the bare basis in coordinate
representation and then the matrix elements 〈β ′|Hλ|β〉 =
H

β ′β
λ , for β �= β ′. From Eq. (4), δ(t) = −2HRL

λ = −2HLR
λ .2

Once all matrix elements are set we solve the dynamics in the
moving frame for the two-mode Hamiltonian. The initial state
may be the ground state of the perturbed or unperturbed initial
potential. The agreement with the exact results is excellent
(see symbols in Fig. 2), which denotes the absence of higher
excited states. This two-level model thus provides a powerful
interpretative and control tool. To gain more insight we now
perform further approximations.

1Contrast this with the variational approach in [21].
2For β = β ′, we may consistently calculate λ′(t) := 2(HRR

λ − V0) =
− 2(HLL

λ − V0), where V0 = [E−
λ (t) + E+

λ (t)]/2 is a shift to match
the zero-energy point between the FF and the two-mode models. λ′

differs slightly from the constant λ at short times, but the results of
substituting λ with λ′ are hardly distinguishable in the calculations,
so the treatment with λ is preferred for simplicity.
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FIG. 3. (Color online) Fidelities vs dimensionless coupling con-
stant for λ/(h̄ω) = 0.02, tf = 320 ms, and xf = 4 μm. Lines are
the same as in Fig. 2. Symbols are for a two-level model like
Eq. (4) with the nonlinear diagonal terms g2|cR,L|2 added, where
g2 = g1

∫
dx|R(x)|4 = g1

∫
dx|L(x)|4 and |cR,L|2 are populations for

left and right states [24]. The vertical line is at ĝ1N = √
2πλ/h̄ω;

see the Appendix.

B. Sudden and adiabatic approximations

The fidelities at low λ may be understood with the sudden
approximation in the interaction picture. Its validity requires
[22]

tf � h̄/	HA, (7)

where 	HA = [〈ψ(0)|HA
2|ψ(0)〉 − 〈ψ(0)|HA|ψ(0)〉2]1/2.

We take |ψ(0)〉 = |ψ−
0 (0)〉 and HA = 1

tf

∫ tf
0 dt ′HA(t ′), where

the matrix elements of HA(t ′) in the basis {|β(0)〉} coincide
with the matrix elements of H in Eq. (4), when the latter are
expressed in the basis {|β(t ′)〉}. The condition for the sudden
approximation to hold becomes

λ � 2h̄

tf
. (8)

Vertical lines mark λ = 0.2h̄/tf in Fig. 2 and demonstrate that
indeed this condition sets the range in which F

(0)
D ≈ 1 so that

the fast protocol provides balanced splitting in spite of the
asymmetry.

The increase in FD with increasing λ can be explained
using the adiabatic approximation. The adiabaticity condition
is here [23]

|〈ψ−
λ (t)|∂tψ

+
λ (t)〉| � 1

h̄
|E−

λ (t) − E+
λ (t)|, (9)

which, using Eqs. (5) and (6), takes the form

|h̄λδ̇(t)/{2[λ2 + δ(t)2]3/2}| � 1. (10)

V. INTERACTING BOSE-EINSTEIN CONDENSATES

We now generalize the results of the two previous sections
for a condensate with interatomic interaction in the mean-field
framework. We calculate the ground states χN (x) and χN

2
(x)

of a harmonic trap that holds a BEC with N and N/2 atoms
and define f (x,t) = [1 − R(t)]χN (x) + R(t)χN

2
(x), where

R(t) = 3(t/tf )2 − 2(t/tf )3. r(x,t) is constructed as

r(x,t) = {f [x − x0(t),t] + f [x + x0(t),t]}/z(t), (11)

FIG. 4. (Color online) Fidelities for a Bose-Einstein condensate;
lines are the same as in Fig. 2. Equation (11) is used to design the
potential VFF. Parameters: xf = 4 μm, ω = 780 rad/s, ĝ1N = 0.138,
and tf = 45 ms.

where z(t) is a normalization factor and x0(t) = xfR(t). We
then get VFF from Eq. (2) and evolve the initial ground state
with the GP equation using the perturbed potential Vλ(t).

The fidelities are shown in Fig. 3 versus the dimensionless
coupling constant ĝ1N = g1N/(h̄ωa0). Note the stabilization
of F

(0)
D towards 1 upon increasing the interaction (this

implies more stable shortcuts). FD increases too, as the
dynamics tends to be more adiabatic. The structural fidelity
jumps to 1 around ĝ1N = √

2πλ/h̄ω from the linear case
value 1/

√
2, i.e., balanced splitting by adiabatic following

is robust versus trap asymmetry for ĝ1N 	 λ/h̄ω (see the
Appendix). The extra filling of the lower well increases the
nonlinear interaction there opposing the external potential
imbalance.

The two-level model may also be extended to interacting
condensates with minor modifications, also providing an
accurate description (see Fig. 3). Adiabaticity fails eventually
with decreasing tf and/or g1, but the shortcut then provides
balanced splitting (see the example in Fig. 4): for small λ,
adiabatic following would be stable (see FS and compare
to the sharp drop in Fig. 2 for linear dynamics), but the
process is not quite adiabatic (FD < FS) for the chosen time,
tf = 45 ms—more time would be needed. The shortcut is nev-
ertheless more stable than the hypothetical adiabatic process
(F (0)

D > FS).

VI. DISCUSSION

We have designed simple Y -shaped (position- and time-
dependent) potential traps to fully split noninteracting matter
waves rapidly without final excitation, avoiding the instability
of the adiabatic approach with respect to slight trap asymme-
tries. We also avoid or mitigate in this manner the decoherence
and noise that affect slow adiabatic following [8,9]. The
bifurcation may be experimentally implemented with optical
traps created with the aid of spatial light modulators [25]. A
simpler approximate approach would involve two Gaussian
beams. Further manipulations, such as the application of
differential ac Stark phase shifts could be combined with
the proposed technique [8]. Also, a differential phase among
the two final wave parts will develop due to the imbalance,
allowing for precision metrology [15,16], without the time
limitations of methods based on adiabatic splitting [16].
In addition, optimal control methods [1–3] complement the
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present approach to further improve stability and/or optimize
other variables such as the transient excitation.

A unique feature of the above application of shortcuts to
adiabaticity, compared to previous ones [10,26–28], is that
the shortcut does not attempt to reproduce the result of an
adiabatic following of the perturbed, asymmetrical system
in a shorter time. (The assumption has been made so far
that the perturbation is uncontrolled and, possibly, unknown.)
Instead, the shortcut reproduces the balanced splitting of
the adiabatic following corresponding to the unperturbed,
perfectly symmetrical system. In other words, shortening the
time here is not really the goal, but a means to achieve
stability.

Other operations may actually make positive use of the
instability due to potential asymmetries. In particular, the
ground- and first-excited-state components of the initial trap
could be spatially separated by a controlled, slightly asym-
metrical adiabatic bifurcation. Moreover, both states would
become ground states of the right and left final traps, so the
process may as well be used as a population inversion protocol
from the excited to the ground state.

We have also analyzed and exemplified the effect of inter-
atomic interaction for a condensate in the mean-field regime.
The interaction changes the system behavior with respect to
asymmetry, stabilizing dramatically balanced splitting. The
total adiabatic collapse of the wave onto one of the two
final, separated wells requires, in this case, a significant
perturbation, proportional to the coupling constant. Compared
to the noninteracting case, this offers different manipulation
opportunities, in particular, the possibility of considering the
asymmetric perturbation as a known, controllable parameter,
so that the imbalance between the two wells may be prepared
at will. Examples of this type of manipulation may be found
in [29–31]. Shortcuts to adiabaticity and, in particular, the FF
approach may be readapted to that scenario by designing the
fast protocol taking into account the known, controlled asym-
metry. The emphasis would be again, as in most applications
of the shortcuts, on accelerating and reproducing the result of
a slow process.

Shortcuts to adiabaticity could play other roles in systems
described by a double-well with varying parameters. They
have been applied, in particular, to speed up the generation of
spin-squeezed many-body states in bosonic Josephson junc-
tions [32]. Here we suggest other applications: for example,
Stickney and Zozulya [33] have described a wave-function
recombination instability due to the weak nonlinearity of
the condensate. Specifically, they consider an initially weak
ground symmetric mode of the double-well which is exponen-
tially amplified at the expense of an initially strong excited
asymmetric mode when the wells are recombined. Similarly
to the instability due to asymmetry described in this paper
for noninteracting waves, the nonlinear instability is in fact
enhanced by adiabatic following. A shortcut-to-adiabaticity
strategy such as the one in this paper would stabilize the
recombination. Our present results may as well be applied
to design Y junctions in planar optical waveguides [34–36],
since the equation that describes the field in the paraxial
approximation is formally identical to the linear Schrödinger
equation, with the longitudinal coordinate playing the role of

time. Finally, partial splitting, in which the final two wells are
not completely separated and tunneling is still allowed, may
as well be considered.
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APPENDIX: INTERACTION VERSUS ASYMMETRY
FOR ADIABATIC FOLLOWING

Making some simplifying assumptions, we find the con-
ditions under which the interacting condensate ground state
splits adiabatically, instead of collapsing into the deepest well.
We consider complete splitting of the trap into separated wells
and also δ(tf ) � λ, so that the noninteracting wave would
collapse (see Sec. IV). In atomic interferometry, the two split
branches of the condensate have to be individually addressed
and manipulated during the differential phase accumulation
stage, so that tunneling must be negligible [4,8,37]. We also
assume that the two ground states of the final wells can be
approximated by ground states of harmonic oscillators at ±xf ,
with the right one lifted by λ:

VL = 1
2mω2(x + xf )2, (A1)

VR = 1
2mω2(x − xf )2 + λ. (A2)

The total energy is approximated as Etot = EL + ER . For
j = L,R,

Ej = Nj

∫
dxφj

[
−h̄2∂2

x

2m
+ Vj

]
φj + 1

2
g1N

2
j

∫
dx|φj |4,

(A3)

where φj (x) = 1
[
√

πa0]1/2 exp[−(x ± xf )2/2a2
0], and the total

number of particles is N = NR + NL. The result is

EL = NL

h̄ω

2
+ ĝ1

2
√

2π
h̄ωN2

L, (A4)

ER = NR

(
h̄ω

2
+ λ

)
+ ĝ1

2
√

2π
h̄ωN2

R, (A5)

where

ĝ1 = g1/(h̄ωa0). (A6)

From the minimum-energy condition, ∂Etot/∂NR = 0, it
follows that

	N

N
=

√
2π

λ/h̄ω

ĝ1N
, (A7)
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FIG. 5. Structural fidelities for the Bose-Einstein condensate.
From left to right, ĝ1N = 0, 0.138, 0.55, 0.69, and 1.38. In all curves
xf = 4 μm and ω = 780 rad/s. Equation (11) was used to design
the potential VFF.

with 	N = NL − NR . (See [16] for a similar treatment in
the Thomas-Fermi regime.) Thus, collapse into one well is

avoided when λ/(h̄ωĝ1N ) � 1. This relation sets the scale for
the uncontrolled and, possibly, unknown asymmetry that may
be tolerated to achieve balanced splitting. Adiabatic control of
population imbalance requires control of the energy splitting
of the order λ � (h̄ωĝ1N ).

Figure 5 shows the structural fidelity FS(λ) for several
values of ĝ1N . The sharp drop at ĝ1N = 0 is substituted by
more and more stable curves as ĝ1N increases. For the splitting
described in [29] and [30] using 87Rb, we get ĝ1N ≈ 9.5,
quite large compared to the values in Fig. 5. Under these
conditions, adiabatic splitting is very stable with respect to
minor asymmetries. Moreover, FS decays slowly with respect
to λ, so that the relative population imbalance may be prepared
at will by controlling the asymmetry. In [29] and [30] the
asymmetry is due to a potential shift that can be controlled
with a standard deviation of 100 nm, whereas a displacement
of ∼1 μm is required for the total collapse into one of the wells.
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Muga, Phys. Rev. Lett. 105, 123003 (2010).

[27] Y. Ban, X. Chen, E. Y. Sherman, and J. G. Muga, Phys. Rev.
Lett. 109, 206602 (2012).
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[30] R. Gati, M. Albiez, J. Fölling, B. Hemmerling, and M. K.
Oberthaler, Appl. Phys. B 82, 207 (2006).
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