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Preparing quantum backflow states by large momentum transfer
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Quantum backflow refers to the appearance of negative probability current in a state whose momentum
distribution is essentially positive. We propose a scheme to prepare such states in a noninteracting Bose-Einstein
condensate using large-momentum-transfer (LMT) atom interferometry. Our approach extends the single-pulse
proposal of Palmero et al. [Phys. Rev. A 87, 053618 (2013)] by allowing one interferometer arm to undergo a
tunable sequence of momentum-transfer pulses before recombination with a freely propagating arm. For realistic
parameters for 88Sr, the protocol generates interference states with tunable probability current and negligible
negative-momentum contamination. We evaluate both the probability current and the critical-density criterion
introduced by Palmero et al. [Phys. Rev. A 87, 053618 (2013)], and identify parameter regimes in which the
backflow signature is enhanced relative to the single-pulse scheme. These results present LMT interferometry as
a flexible route for preparing candidate quantum-backflow states in cold-atom experiments.

DOI: 10.1103/3b4f-6nfr

I. INTRODUCTION

Quantum mechanics permits the counterintuitive possi-
bility that a freely propagating state can exhibit negative
probability current even though its momentum distribution
is essentially positive. This phenomenon is known as stan-
dard quantum backflow. It was first identified in the quantum
arrival-time problem by Allcock [1], and later studied in detail
by Bracken and Melloy [2]. Recent work has refined the quan-
titative bound for standard quantum backflow, showing that
the maximal probability transfer in the positive-momentum
setting is approximately c ≈ 0.0 384 506 [3]. Over the past
decades, quantum backflow has been investigated in a va-
riety of settings, including operator-based approaches [4],
random wave functions [5], decay processes [6], ring geome-
tries [7–9], higher dimensions [10,11], open quantum systems
[12–14], scattering in the presence of potentials and defects
[15,16], many-particle systems [17], the effects of bosonic and
fermionic statistics [18], and periodic lattices [19].

Despite this long-standing theoretical interest, quantum
backflow has not yet been observed experimentally. A partic-
ularly promising route is provided by density measurements
in ultracold atomic Bose-Einstein condensates [20,21]. In
particular, Palmero et al. derived a relation between proba-
bility current and particle density for two interfering wave
packets with a relative phase linear in position [21]. In
that framework, there exists a critical density ρcrit such that
whenever the measured density ρ(x, t ) falls below ρcrit (x, t ),
the local probability current is necessarily negative. This
result is especially important because it converts the current-
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based notion of backflow into a density criterion that is, in
principle, accessible to fluorescence or absorption imaging.
Related experimentally motivated formulations that relax the
strict positive-momentum constraint have also been discussed
in Refs. [22,23]. Although quantum backflow itself has not yet
been observed, classical optical analogs have recently been
demonstrated [24–27].

More recently, the scope of experimentally relevant
backflow studies has been broadened beyond the standard
positive-momentum setting. In particular, Paterek and Gous-
sev introduced a general formulation of quantum backflow for
realistic wave packets with arbitrary momentum distributions,
defining the genuinely nonclassical contribution as the excess
probability flow beyond that expected from the correspond-
ing classical momentum distribution alone [28]. Within that
broader framework, the maximal general-backflow signal can
reach nearly 13%, i.e., more than three times the standard
Bracken-Melloy value for unidirectional states [3,28]. The
present work does not analyze the generalized backflow for-
mulation in detail. Instead, we focus on the standard quantum
backflow setting, where the momentum distribution is essen-
tially positive.

In this work, we ask whether the cold-atom strategy of
Palmero et al. [21] can be extended to a large-momentum-
transfer (LMT) atom-interferometric setting [29]. Compared
with a single-pulse preparation protocol, LMT interferometry
offers additional control over the relative amplitudes of the
two arms and over their final momentum separation before
recombination. These quantities directly influence the inter-
ference pattern, the probability current, and the associated
critical-density threshold. Our goal is therefore not to de-
rive a new universal bound on quantum backflow, but rather
to develop a more flexible preparation protocol for standard
quantum backflow states.

Specifically, we consider a noninteracting 88Sr Bose-
Einstein condensate in which one interferometer arm evolves
freely while the other undergoes a tunable sequence of
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FIG. 1. Schematic of the large-momentum-transfer interferomet-
ric protocol used to prepare candidate quantum-backflow states. (a) A
Bose-Einstein condensate is launched upward with momentum h̄k0.
(b) A beam-splitter pulse, not necessarily a π/2 pulse, creates two
interferometer arms. (c) A π pulse drives stimulated emission on
one arm, imparting a recoil momentum +h̄k, where k is the laser
wave number. (d) A subsequent π pulse drives stimulated absorption,
changing the internal state and imparting the corresponding recoil.
(e) After many such pulses, the addressed arm acquires the desired
momentum before recombination. (f) The two arms later overlap and
interfere to form the final state.

momentum-transfer pulses. We derive the final interfering
state produced by this sequence, evaluate its probability cur-
rent and critical density, and identify parameter regimes in
which the backflow signature is enhanced relative to the
single-pulse scheme of Ref. [21] while negative-momentum
contamination remains negligible. We also quantify the
resulting backflow signal and discuss the accompanying ex-
perimental trade-off: stronger backflow is associated with
shorter density-modulation length scales, which may make
direct imaging more demanding.

This paper is organized as follows. In Sec. II we introduce
the interferometric protocol and derive the final two-arm state.
In Sec. III we present numerical results for the probability cur-
rent, the critical-density criterion, and the dependence of the
backflow signal on the beam-splitter parameters. Section IV
concludes.

II. THEORY

As shown in Fig. 1, we begin with a cloud of cold two-level
atoms in a Bose-Einstein condensate confined in a dipole trap
and launched upward, as in a standard atom-interferometric
sequence. Shortly after launch, a splitting pulse is applied to
the condensate, creating two interferometer arms. The total
state can then be written as the coherent superposition

|�〉 = c f |� f 〉 + cb|�b〉,
where |� f 〉 and |�b〉 denote the two arms after the splitter.
The arm |� f 〉 remains in the ground internal state and subse-
quently undergoes free fall, while the arm |�b〉 is transferred
to the excited internal state and is later addressed by a LMT
pulse sequence, i.e., a sequence of light pulses designed to
impart multiple photon recoils and thereby produce a larger
momentum separation between the two interferometer arms.

FIG. 2. Pulse-to-pulse notation used for the LMT sequence. The
state of the addressed arm immediately after the nth pulse is denoted
by |�n〉. Each pulse has duration τ , and adjacent pulses are separated
by an interval T = tn+1 − tn. After the next pulse, the state is denoted
by |�n+1〉. Blue and red segments denote the ground and excited
internal states, respectively.

The LMT sequence consists of multiple laser pulses, gen-
erally applied in alternating directions. As the atomic wave
packet passes through this pulse array in time, the pulses drive
stimulated absorption and emission processes, as illustrated
schematically in Fig. 2. Each pulse can therefore change both
the internal state and the momentum of the addressed atoms.
The amount of transferred population is controlled by the
pulse area, or equivalently by the pulse duration. In particular,
a π pulse transfers the entire addressed population to the
other internal state, whereas a π/2 pulse creates an equal
superposition of the two internal states.

After the splitting pulse, only one arm is subjected to the
subsequent LMT sequence, so that its momentum is tailored
by a controlled series of recoils while the other arm evolves
freely. The two arms later overlap and interfere, thereby form-
ing the final candidate backflow state. By tuning the pulse
sequence after the initial splitter, one can control the rela-
tive arm amplitudes and the final momentum separation, and
hence tune both the probability current and the associated
critical density. In this way, the present protocol extends the
single-pulse scheme of Ref. [21] within a more flexible inter-
ferometric setting.

The theoretical description of this protocol consists of three
parts: free evolution of the condensate between laser pulses,
state modification during each pulse, and evaluation of the
final probability current and critical-density criterion after
recombination. We discuss these in Secs. II A–II C.

A. Free propagation of the Bose-Einstein condensate state

The free evolution of the wave packet between laser pulses
can be described in a moving frame by a Galilean frame-
transformation operator Ĝ [29]:

|�〉 = Ĝ |φc(t )〉 ⊗ |Ai(t )〉

= exp

(
i

h̄

∫
Lcdt

)
exp

(
− i

h̄
p̂ · �xc

)

× exp

(
i

h̄
�pc · x̂

)
|φc(t )〉 ⊗ |Ai(t )〉. (1)
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Here, the Lagrangian Lc describes the action accumulated
by the center-of-mass motion, while �xc and �pc denote the
center-of-mass position and momentum, respectively. The op-
erator p̂ · �xc generates the spatial translation, and �pc · x̂ gives
the momentum boost associated with the transformation to
the moving frame. The remaining factor in Eq. (1) is the
tensor product of the Bose-Einstein condensate (BEC) center-
of-mass state |φc(t )〉 and the internal atomic state |Ai(t )〉. The
corresponding spatial wave function is therefore

〈�x|�〉 = e(i/h̄)
∫
Lc dt e(i/h̄) �pc·(�x−�xc )〈�x − �xc|φc(t )〉 ⊗ |Ai(t )〉. (2)

To obtain the center-of-mass-frame wave function
〈�x − �xc|φc(t )〉, we begin with the noninteracting BEC wave
function in the laboratory frame [21]:

ψ (x, t ) = 1√
b

ψ0

(
x − v1t

b

)

× exp

[
i

m

2h̄
x2 ḃ

b
+ ik1x

(
1 − ḃ

b
t

)
+ iβ

]
. (3)

Here,

ψ0(x) = 1

π1/4√ax
exp

(
− x2

2a2
x

)

is the initial wave function in the dipole trap, given by the
ground state of a harmonic potential. The quantity ax =√

h̄/(mωx ) is the harmonic-oscillator length, ωx is the trap
frequency, β is an irrelevant global phase, and h̄k1 = mv1 is
the condensate momentum. The factor

b =
√

1 + ω2
xt2

describes the cloud expansion.
In the center-of-mass frame, the velocity-dependent terms

vanish, and the wave function reduces to

〈x − xc|φc(t )〉 = 1√
b
ψ0

(
x − xc

b

)
exp

[
i
mḃ(x − xc)2

2h̄b

]
. (4)

Physically, Eq. (4) describes a BEC wave packet localized
at the center-of-mass position xc and expanding with scale fac-
tor b. Because this form contains a small negative-momentum
component, it can give rise to classical backflow, which is
distinct from the quantum backflow studied here.

In the present setup, the atoms are launched vertically, so
the action accumulated between two pulses separated by a
time interval 
t is given by free-fall motion:


SC =
(

P2
c,n

2m
− mgxc,n

)

t − Pc,ng
t2 + 1

3
mg2
t3, (5)

where Pc,n and xc,n are the center-of-mass momentum and
position immediately after the nth pulse. This completes the
description of the free evolution between pulses.

B. Pulse influence

We now consider the effect of a laser pulse on the atomic
cloud. The general treatment follows Ref. [29]. We write the
state |�〉 as a superposition of components associated with

the two internal atomic states, corresponding to the ground
and excited levels:

|�total〉 =
∫

dp
2∑

i=1

ci(p)|p〉. (6)

Here, c1(p) and c2(p) denote the momentum-space ampli-
tudes for the ground and excited internal states, respectively.
In the short-pulse limit, the laser-driven transition is described
by(

c′
1(p)

c′
2(p + h̄k)

)
=

(
�c −i�se−iφL

−i�∗
s eiφL �c

)(
c1(p)

c2(p + h̄k)

)
,

(7)

where �c = cos(|�|τ/2) and �s = �
|�| sin(|�|τ/2). Here, �

is the Rabi frequency such that �/|�| = 1 as in Ref. [29], k is
the laser wave number, φL is the laser phase, and τ is the pulse
duration. For a π pulse, i.e., when |�|τ = π , this reduces to(

c′
1(p)

c′
2(p + h̄k)

)
=

(
0 −ie−iφL

−ieiφL 0

)(
c1(p)

c2(p + h̄k)

)
. (8)

In our simulations, the initial BEC wave packet from the
dipole trap is first split into two arms by a laser pulse that
is not necessarily a π/2 pulse. This produces two arms with
different amplitudes, and these weights ultimately affect the
backflow signal. We treat the evolution of each arm separately.
For example, applying a π pulse to an arm initially in the
ground state |�〉 gives

|� ′〉 =
∫

dp c′
2(p)|p〉 = −ieiφL

∫
dp c1(p − h̄k)|p〉

= −ieiφL eikx̂|�〉. (9)

This corresponds to absorption of a photon by an atom
in the ground state, transferring it to the excited state and
imparting a recoil momentum in the laser-propagation direc-
tion. To generalize this to either internal state and either pulse
direction, we introduce an index μ, with μ = 1 for the ground
state and μ = −1 for the excited state. The wave function
immediately after the (n + 1)th pulse can then be written in
terms of the state after the nth pulse as

〈x|� ′〉 = −ieiμφL e(i/h̄)
∫
Lcdt eiμkxc e(i/h̄)(p+μh̄k)(x−xc )

× 〈x − xc|φc(t )〉 ⊗ |Ai(t )〉. (10)

Compared with the prepulse state 〈x|�〉 in Eq. (2), this ex-
pression contains the laser phase φL, an additional momentum
boost (p + μh̄k), and a global phase shift μkxc.

C. Probability flux and critical density

We now trace the evolution of the two interferometer
arms separately. The free arm undergoes pure free-fall and
is not affected by the subsequent laser pulses. Its state at
the encounter time Tf is obtained by substituting the free-fall
action, the corresponding momentum shift, the center-of-mass
wave function, and the internal-state evolution into Eq. (2).
For clarity, the derivation is given explicitly in Appendix A.
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The resulting spatial wave function is

〈x|� f 〉 = 1(
1 + ω2

x T 2
f

)1/4
π1/4√ax

exp

[
i

h̄

(
1

2
mv2

0Tf − mv0gT 2
f + 1

3
mg2T 3

f

)]
exp

[
i

h̄
m(v0 − gTf )(x − xc)

]

× exp

[
− (x − xc)2

2a2
x

(
1 + ω2

x T 2
f

)
]

exp

[
i

m

2h̄
(x − xc)2 ω2

x Tf

1 + ω2
x T 2

f

]
⊗ exp

(
− i

h̄
EλTf

)
|λ〉. (11)

Here Eλ is the internal-state energy of the free arm.
For the momentum-transferred arm, the state changes at each pulse because of both free propagation between pulses and

laser-induced momentum transfer at the pulse times. We therefore construct the evolution iteratively. Specifically, we assume
that the state immediately after the nth pulse is known. We then propagate this state freely over the interval 
t = tn+1 − tn using
Eq. (2), and finally apply the (n + 1)th π pulse using Eqs. (8) and (9). In this way, Eq. (12) gives the state immediately after the
(n + 1)th pulse in terms of the state immediately after the nth pulse. The detailed derivation is presented in Appendix B. The
result is

〈x|�n+1〉 = −i exp(iμnφL )exp(iμnkn+1xn+1)exp

[
i

h̄

(
1

2
mv2

c,n
t − mgxc,n
t − mvc,ng
t2 + 1

3
mg2
t3

)]

× exp

[
i

h̄
mvc,n+1(x − xc)

]
1(

1 + ω2
xt2

n+1

)1/4
π1/4√ax

exp

[
− (x − xc)2

2a2
x

(
1 + ω2

xt2
n+1

)
]

× exp

[
i

m

2h̄
(x − xc)2 ω2

xtn+1

1 + ω2
xt2

n+1

]
φ̃L,tot ψ̃i,tot �̃S ⊗ exp

(
− i

h̄
Eμn
t

)
|μn+1〉. (12)

Here the subscript n labels quantities evaluated
immediately after the nth pulse. The overall factor
−i exp(iμnφL ) exp(iμnkn+1xn+1) arises from the action
of the (n + 1)th π pulse. The exponential containing vc,n and
xc,n represents the free-fall action accumulated during the
interval 
t between the nth and (n + 1)th pulses. The factor
exp[imvc,n+1(x − xc)/h̄] gives the updated momentum boost
after the pulse, while the Gaussian envelope and quadratic
phase are the center-of-mass wave function of Eq. (4)
evaluated at time tn+1. Finally, φ̃L,tot, ψ̃i,tot , and �̃S denote
the laser, internal-state, and action phases accumulated
during all earlier stages of the sequence, and the factor
exp(−iEμn
t/h̄) |μn+1〉 accounts for the internal-state
evolution over the interval together with the state transfer
induced by the (n + 1)th pulse.

For later convenience, we rewrite Eqs. (11) and (12) in
terms of overall phase factors and position-dependent en-
velopes. We also note that the two arms do not recombine
immediately after the final pulse, but instead propagate for an
additional time interval 
Tf after the last pulse at time TN .
Their wave functions at the encounter time can therefore be
written as

〈x|� f 〉 = 〈x − xc|φc(Tf )〉exp[iθ f (Eλ, v0, Tf )]

× exp

[
i

h̄
m(v0 − gTf )(x − xc)

]
, (13)

and

〈x|�b〉 = 〈x − xc|φc(Tf )〉exp[iθb({Eμn}, {tn}, {kn})]

× exp

[
i

h̄
m(vN − g
Tf )(x − xc)

]
, (14)

where Tf = TN + 
Tf is the encounter time. The total wave
function is then

〈x|�〉 = 〈x|� f 〉
[

c f + cb exp(iθb − iθ f )

× exp

(
i

h̄
m(vN + gTN − v0)(x − xc)

)]
. (15)

Equation (15) has the same mathematical structure as the
wave function considered by Palmero et al. [21], namely, an
envelope multiplied by the interference factor of two compo-
nents with a relative phase linear in position. Writing

〈x|� f 〉 = R(x, t )eiθ (x,t ),

we can therefore apply the density-based backflow criterion of
Ref. [21] directly to the present case. In that framework, back-
flow is guaranteed whenever the measured density ρ(x, t ) falls
below a critical threshold ρcrit (x, t ). Since the atomic density
can in principle be extracted from fluorescence imaging or
absorption imaging, this criterion converts the current-based
notion of backflow into an experimentally accessible density
condition.

The corresponding critical density is

ρcrit = q

q + 2∂xθ (x, t )
|R(x, t )|2(|c f |2 − |cb|2), (16)

where

q = m

h̄
(vN + gTN − v0) (17)
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FIG. 3. Simulation setup for preparing backflow states. The pulses address only |�b〉 (blue curve), so this arm undergoes large momentum
transfer, while |� f 〉 (red curve) evolves freely. At t = 0, a splitting pulse (shown by the purple dashed line) transfers a fraction of the condensate
into the excited state and creates the initial velocity difference between the two arms. The arm |�b〉 is then accelerated by a sequence of π

pulses.

is the effective wave-number difference between the two arms,
and

R(x, t ) = 1(
1 + ω2

x T 2
f

)1/4

1

π1/4√ax

× exp

[
− (x − xc)2

2a2
x

1

1 + ω2
x T 2

f

]
, (18)

θ (x, t ) = 1

h̄

(
1

2
mv2

0Tf − mv0gT 2
f + 1

3
mg2T 3

f − EλTf

)

+ 1

h̄

[
m(v0− gTf )(x − xc)+ m

2

ω2
x Tf

1+ ω2
x T 2

f

(x− xc)2

]
.

(19)

These are simply the modulus and phase extracted from
Eq. (11). The probability current then follows as

m

h̄
J (x, t ) = ∂xθ |�|2 + q|R|2|cb|2

+ q|R|2Re
(
c∗

f cbeiqx+iθb−iθ f
)
, (20)

where we have generalized the expression to allow for com-
plex coefficients c f and cb.

III. SIMULATION RESULTS

A. Setup

In the simulations, we consider a hypothetical noninter-
acting 88Sr Bose-Einstein condensate and use its 1S0 – 3P1

transition for the LMT sequence, with laser wavelength
689 nm. The 3P1 excited state has a lifetime of 21.6 µs, which
makes it suitable for LMT. Large-momentum-transfer inter-
ferometry up to 141h̄k has already been achieved in 88Sr atom
interferometers [30].

We consider a BEC cloud launched upward with initial ve-
locity v0 = 0.2 m s−1 and an initial spatial profile determined
by a dipole trap with trap frequency ωx = 2π × 70 s−1 [31]. A
beam-splitter pulse of tunable duration τ first splits the atoms
into two arms with coefficients cb and c f , according to Eq. (7).
The subsequent geometry used in the simulation is shown in
Fig. 3.

Because of the narrow linewidth of the transition and the
Doppler shift, only one arm is resonantly addressed by the
later laser pulses. We refer to the unaddressed arm as the free
arm and to the addressed arm as the pulsed arm. The free
arm undergoes free-fall without further laser interaction until
it recombines with the pulsed arm. The pulsed arm is initially
transferred to the excited state by the beam-splitter pulse and
then undergoes 7 LMT pulses at wavelength 689 nm, each
with π -pulse duration, so that the population is transferred
sequentially between the two internal states while acquiring
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FIG. 4. Momentum-space distribution of the final combined
state. The two dominant peaks correspond to the momenta of the two
interferometer arms at the encounter time. The negligible weight at
negative momentum confirms that classical backflow contamination
is suppressed in the parameter regime considered here.

momentum recoils. After this, the pulsed arm continues to
propagate upward for 4 ms before being redirected downward
by two pulse arrays, which are themselves separated by 4 ms.
Adjacent pulses within the sequence are separated by 11 µs.
The sequence is chosen so that, at the encounter point, the free
arm has as small a downward velocity as possible, thereby
maximizing the momentum difference between the two arms.

B. Classical backflow

We first verify that the final state contains negligible
negative-momentum contribution, so that any observed neg-
ative current can be attributed to standard quantum backflow
rather than to classical backflow arising from wave-packet
expansion. In the present setting, classical backflow would
originate from the small negative-momentum tail naturally
generated as the Gaussian condensate expands during prop-
agation. Following Ref. [21], this contribution can be made

negligible by choosing parameters such that mv/h̄ 
 1/ax

and R0 < v/ωx, where R0 is the initial width of the wave
packet. To confirm that this condition is satisfied in our sim-
ulations, we transform 〈x|�〉 to momentum space and inspect
the resulting distribution, shown in Fig. 4. The spectrum ex-
hibits negligible support at negative momentum, indicating
that the backflow signal studied here is not dominated by
classical contamination.

For completeness, we note that recent work has introduced
a more general formulation of quantum backflow for realistic
wave packets, in which the classical contribution associated
with the momentum distribution is subtracted explicitly from
the total probability flow [28]. The present work does not ana-
lyze that generalized framework in detail; rather, we focus on
the standard positive-momentum setting adopted in Ref. [21].
Nevertheless, the LMT preparation strategy developed here
may provide a useful starting point for future studies in that
broader setting.

C. Probability flux

The total wave function at the encounter point is used
to evaluate the probability flux in its vicinity. Figure 5(a)
shows an example of the spatial backflow profile for an
initial splitting pulse with �τ = 0.6π . Near the center of
mass, approximately one-sixth of the flux is negative. An-
other prominent feature of the flux distribution is its rapid
oscillation in space. This follows from Eq. (20), in which J
contains an interference term oscillating with wave number
q, set by the momentum difference between the two arms.
In the present case, the velocity difference at the encounter
point is 0.079 m s−1, which leads to the observed rapid spatial
oscillations.

In Fig. 5(b), we plot the density profile of |�〉 near the
center of mass in blue, together with the critical density ρcrit

in red. Both curves are normalized by the maximum value
of |�|2. The density profile of the final state consists of
a Gaussian envelope modulated by oscillations. The Gaus-
sian envelope originates from the initial ground-state wave

FIG. 5. Example of backflow for an initial splitting parameter �τ = 0.6π . (a) Probability flux J as a function of position: a finite portion
of the flux lies below zero, indicating the presence of backflow. (b) Normalized density profile |�|2 together with the critical density threshold:
a corresponding portion of the density lies below ρcrit . At the center of the condensate, ρcrit − ρ is 15.17% of the maximum density.
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FIG. 6. Dependence of the spatial backflow measure on the arm coefficients. (a) The measure is plotted against the splitter phase �τ for the
coefficients generated directly by the beam-splitter pulse, which are generally complex. Two backflow windows appear symmetrically about
�τ = π . (b) For comparison, the same measure is plotted against cb in an auxiliary scan with real coefficients. In this case a single peak is
obtained. For cb > 1/

√
2, ρcrit becomes negative and no backflow occurs.

function in the dipole trap, while the oscillatory structure
arises from the position-dependent phase factor in Eq. (15).
From Fig. 5(b), the maximum value of ρcrit is 15.21%, while
the minimum of |�|2 near xc is 0.04%.

D. Parameter tuning

We now show that the backflow signature can be tuned
by varying the duration τ of the initial beam-splitter pulse.
According to Eq. (7), this is equivalent to varying the Rabi
phase �τ experienced by the initial condensate, and therefore
to tuning the arm coefficients cb and c f .

In the experimental setting considered here, the condensate
enters the splitter pulse entirely in the ground state. We there-
fore take c1(p) = 1 and c2(p) = 0 in Eq. (7), which gives

cb = cos(�τ/2), c f = −i sin(�τ/2).

Thus, the coefficients produced directly by the splitter pulse
are, in general, complex. These complex coefficients are the
ones most directly connected to the experimental preparation
protocol studied in the present work. For each choice of �τ ,
we evaluate the probability flux using the fixed velocities and
LMT sequence described in Sec. III A.

To compare different parameter settings, we define a spa-
tial backflow measure as the area of the negative part of the
flux profile. This quantity characterizes the spatial extent and
magnitude of the negative-current region for a fixed encounter
configuration.

Figure 6(a) shows this measure as a function of �τ for the
experimentally generated complex coefficients. The curve is
symmetric about �τ = π , with one backflow peak on each
side. There are also intervals, �τ ∈ [0, π/2] ∪ [3π/2, 2π ],
in which no backflow occurs. These correspond to parameter
values for which |c f |2 < |cb|2, so that Eq. (16) gives a negative
ρcrit . The dip at �τ = π corresponds to a π pulse, which
transfers the entire initial ground-state population into the
excited arm and therefore produces no interference backflow.

We next focus on the parameter value �τ = 0.75π , which
maximizes the spatial backflow measure in Fig. 6(a). The
corresponding flux and density profiles are shown in Fig. 8(a).

The maximum negative flux is below −1000 s−1, and approx-
imately one-third of the flux profile is negative. Comparing
Figs. 5(b) and 8(b), we find that the region where ρ < ρcrit

remains of similar spatial extent, approximately ±20 µm,
because the overall cloud size is mainly set by the trap length
scale ax and the propagation time, which are unchanged across
the simulations. At the same time, the critical-density thresh-
old itself is substantially enhanced: the minimum of |�|2 near
xc is 18.39%, while the maximum ρcrit reaches 39.79%, more
than twice the value reported in the single-pulse proposal of
Ref. [21], where ρcrit ≈ 17%.

For the experimentally relevant splitter considered here,
the coefficients cb and c f are generally complex, as discussed
above. For completeness, and to facilitate comparison with
the earlier idealized treatment of Ref. [21], we also perform
an auxiliary scan in which cb and c f are taken to be real
while satisfying c2

b + c2
f = 1. This real-coefficient case does

not correspond to the bare splitter output alone; rather, it
represents a phase-engineered variant in which an additional
controllable phase shift is applied after the splitter and before
the LMT sequence. As shown in Fig. 6(b), this produces a

FIG. 7. Time-dependent flux J at a position near the encounter
point. Although the magnitude of the negative flux is relatively large,
the time interval over which J < 0 is short, giving an integrated
backflow probability transfer of 
 = 0.003 514.
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FIG. 8. Backflow at the parameter value �τ = 0.75π , where the
spatial backflow measure is maximal. (a) Probability flux J: approxi-
mately one-third of the peak flux is negative. (b) Normalized density
profile |�|2: at the center of the cloud, ρcrit − ρ reaches 21.40% of
the maximum density.

single peak, and no backflow occurs in the limiting cases
where only one arm is present and no interference is possi-
ble. The maximum value of the spatial backflow measure is
comparable to that obtained for complex coefficients. Back-
flow again disappears for cb > 1/

√
2, where c f < cb and ρcrit

becomes negative. The maximum occurs at cb = 0.37. Com-
pared with the complex-coefficient case, the real-coefficient
scan produces a broader parameter window in which backflow
is present.

Finally, to connect our results with the standard integrated
backflow probability transfer discussed in Refs. [2,3,28], we
evaluate the flux J at the encounter location over a short
time interval before the two arms overlap fully. Integrating
the negative part of this time-dependent flux yields an inte-
grated backflow probability transfer of 
 = 0.003 514. The
corresponding time-dependent flux profile is shown in Fig.
7. This is the quantity that should be compared with the
Bracken-Melloy bound. We stress that our claim of enhance-
ment in the present work refers instead to the density-based
signature, in particular the larger critical-density threshold
relative to Ref. [21], rather than to any claim of exceeding

the known universal bound on integrated backflow probability
transfer.

IV. CONCLUSION

To prepare quantum-backflow states in a more flexi-
ble manner, we have proposed a protocol that extends the
single-pulse cold-atom scheme of Palmero et al. [21] to
a large-momentum-transfer atom-interferometric setting. In
contrast to Ref. [21], the present approach provides additional
control over the relative arm amplitudes and the final momen-
tum separation through the initial beam-splitting pulse and the
subsequent sequence of π pulses applied to one interferometer
arm. Using realistic experimental parameters, we have shown
that this protocol produces final interference states with tun-
able probability current and negligible negative-momentum
contamination.

We have also analyzed the associated critical-density cri-
terion and identified a practical trade-off: stronger backflow
is accompanied by a shorter density-modulation length scale,
which makes conventional fluorescence imaging more chal-
lenging. The main outcome of the present work is therefore
a more versatile interferometric framework for preparing and
diagnosing candidate quantum-backflow states in a cold-atom
platform. It would be interesting in future work to exam-
ine how the same LMT-based preparation strategy may be
adapted to the more general-backflow framework for realistic
wave packets discussed in Ref. [28]. Since that framework
is formulated in terms of position measurements at multiple
distinct times, it is plausible that fluorescence or absorp-
tion imaging of the atomic density at different evolution
times could provide a useful route toward implementing
the required repeated position measurements in a cold-atom
platform.

DATA AVAILABILITY

There are no publicly available research data or software
supporting this manuscript. Requests for further information
or data should be sent to the authors.

APPENDIX A: FREE ARM

For the free arm, there is no influence from the subsequent
LMT pulses. Its final state can therefore be derived analyt-
ically from Eq. (2). We evaluate each contribution in turn.
Let Tf denote the time at which the two arms recombine, v0

the initial launch velocity of the BEC cloud, Pc the center-
of-mass momentum, and m the atomic mass. The total action
accumulated during free-fall is then


S =
∫ Tf

0
Lcdt =

∫ Tf

0

(
P2

c

2m
− mgxc

)
dt

= 1

2
mv2

0Tf − mv0gT 2
f + 1

3
mg2T 3

f . (A1)

Here we assume that the cloud starts at xc(t = 0) = 0.
The momentum-shift term in Eq. (2) is

�Pc · (�x − �xc) = m(v0 − gTf )(x − xc). (A2)
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The BEC wave function in the center-of-mass frame is obtained by writing out Eq. (4) explicitly:

〈�x − �xc|φc(Tf )〉 = 1(
1 + ω2

x T 2
f

)1/4

1

π1/4√ax
exp

[
− (x − xc)2

2a2
x

1

1 + ω2
x T 2

f

]
exp

[
i

m

2h̄
(x − xc)2 ω2

x Tf

1 + ω2
x T 2

f

]
. (A3)

The prefactor contains the expansion factor 1/
√

b, while the first exponential is the ground-state harmonic-trap wave function
modified by the free expansion.

For the internal-state evolution, the free arm remains in the same internal level throughout the sequence. Denoting its initial
internal state by |λ〉 and the corresponding energy by Eλ, the time evolution is

|Ai(Tf )〉 = exp

(
− i

h̄
EλTf

)
|λ〉. (A4)

Substituting Eqs. (A1)–(A4) into Eq. (2) gives the final state of the free arm:

〈x|� f 〉 = 1(
1 + ω2

x T 2
f

)1/4
π1/4√ax

exp

[
i

h̄

(
1

2
mv2

0Tf − mv0gT 2
f + 1

3
mg2T 3

f

)]
exp

[
i

h̄
m(v0 − gTf )(x − xc)

]

× exp

[
− (x − xc)2

2a2
x

(
1 + ω2

x T 2
f

)
]

exp

[
i

m

2h̄
(x − xc)2 ω2

x Tf

1 + ω2
x T 2

f

]
⊗ exp

(
− i

h̄
EλTf

)
|λ〉. (A5)

APPENDIX B: PULSED ARM

The pulsed arm undergoes successive changes in momentum, phase, and internal state throughout the LMT sequence. For this
reason, it is not convenient to write its final state in a single closed analytic form. Instead, we construct the evolution iteratively.

Specifically, we assume that the state immediately after the nth pulse is known, and then determine the state immediately after
the (n + 1)th pulse in two stages. First, the arm evolves freely during the interval 
t = tn+1 − tn according to Eq. (2). Second, at
time tn+1 it encounters the next laser pulse, which induces the corresponding phase shift, internal-state transfer, and momentum
recoil according to Eqs. (8) and (9). Repeating this procedure pulse by pulse yields the final state at the end of the full LMT
sequence.

Since the pulse duration τ is much shorter than the separation between adjacent pulses, tn − tn−1, we neglect the free-fall
evolution during each laser interaction. The free propagation between pulses has the same general form as for the free arm. In
particular, the momentum-shift term after the (n + 1)th pulse is

�Pc,n+1 · (�x − �xc) = mvc,n+1(x − xc), (B1)

and the corresponding center-of-mass wave function at time tn+1 is

〈x − xc|φc(tn+1)〉 = 1(
1 + ω2

xt2
n+1

)1/4

1

π1/4√ax
exp

[
− (x − xc)2

2a2
x

1

1 + ω2
xt2

n+1

]
exp

[
i

m

2h̄
(x − xc)2 ω2

xtn+1

1 + ω2
xt2

n+1

]
. (B2)

All pulses after the initial splitter are taken to be π pulses. Since the pulsed arm starts in the excited state, it alternates between
the excited and ground internal states throughout the sequence. We denote the internal state immediately after the nth pulse by
|μn〉, with μn = 1 for the ground state and μn = −1 for the excited state. From Eqs. (8) and (9), the (n + 1)th pulse imparts a
momentum recoil 
Pc = μnh̄k together with a global phase factor −i exp(iμnφL ) exp(iμnkxc). The corresponding internal-state
evolution over the interval 
t is

|Ai(tn+1)〉 = exp

(
− i

h̄
Eμn
t

)
|μn+1〉. (B3)

To write the full state after the (n + 1)th pulse, we must also include the phases accumulated during all previous stages of
the sequence. We denote these by φ̃L,tot for the accumulated laser phase, �̃S for the accumulated action phase, and ψ̃i,tot for the
accumulated internal-state phase. Combining the free propagation over 
t with the action of the (n + 1)th pulse then gives

〈x|�n+1〉 = −i exp(iμnφL )exp(iμnkn+1xn+1)exp

[
i

h̄

(
1

2
mv2

c,n
t − mgxc,n
t − mvc,ng
t2 + 1

3
mg2
t3

)]

× exp

[
i

h̄
mvc,n+1(x − xc)

]
1(

1 + ω2
xt2

n+1

)1/4
π1/4√ax

exp

[
− (x − xc)2

2a2
x

(
1 + ω2

xt2
n+1

)
]

× exp

[
i

m

2h̄
(x − xc)2 ω2

xtn+1

1 + ω2
xt2

n+1

]
φ̃L,tot�̃S ⊗ ψ̃i,totexp

(
− i

h̄
Eμn
t

)
|μn+1〉. (B4)

In the simulations, we update the pulsed-arm state iteratively using Eq. (B4), and finally combine it with the free-arm state in
Eq. (A5) at the encounter time to obtain the probability flux and number density.
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