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Transmission and reflection of Bose-Einstein condensates incident on a Gaussian tunnel barrier
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We investigate how Bose-Einstein condensates, whose initial state is either irrotational or contains a single
vortex, scatter off a one-dimensional Gaussian tunnel barrier. We find that for low atom densities the vortex
structure within the condensate is maintained during scattering, whereas at medium and high densities, multiple
additional vortices can be created by the scattering process, resulting in complex dynamics and disruption of
the atom cloud. This disruption originates from two different mechanisms associated, respectively, with the
initial rotation of the atom cloud and the interference between the incident and reflected matter waves.
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Recently, several experiments have investigated the scat-
tering of Bose-Einstein condensates (BECs). These experi-
ments have included Bragg reflection in an optical lattice [1],
reflection from optical [2] and magnetic [3] mirrors, diffrac-
tion from a grating [4], and quantum reflection from a silicon
surface [5]. In each case, interest has focused on the reflected
component of the BEC. For example, investigations of quan-
tum reflection from a silicon surface have revealed that in-
teratomic interactions have a dramatic effect on the internal
structure of the atom cloud [5,6]. So far, reflection experi-
ments have been restricted to condensates whose initial state
contains no dynamical excitations. However, the methodol-
ogy for creating and observing vortices in BECs is well es-
tablished [7-10] and, in the case of Bragg reflection, numeri-
cal simulations predict that vortices and solitons in the
BEC’s initial state strongly influence the subsequent dynam-
ics [11]. Previous theoretical work has shown that the pres-
ence of a vortex in the initial state can have a pronounced
effect on the internal structure of a BEC that undergoes clas-
sical [12,13] or quantum [14] reflection.

In this paper, we investigate how BECs scatter off a
Gaussian tunnel barrier, which allows both reflection and
quantum-mechanical tunneling of the atoms. We use numeri-
cal simulations of the Gross-Pitaevskii equation (GPE) to
study how the strength of the interatomic interactions and the
vorticity of the initial state affect the scattering properties of
the condensate. Our simulations reveal regimes in which dy-
namical excitations disrupt both the reflected and transmitted
atom clouds. In one regime, which we call rotational disrup-
tion, the excitations originate from the effect of the initial
vortex on the scattering dynamics. By contrast, the regime of
interferential disruption [15] occurs both in the presence and
absence of a vortex in the initial state, with the excitations
being created from interference between the incident and re-
flected matter waves. Rotational disruption arises when the
time taken for the vortex core to scatter is comparable with,
or exceeds, its rotational period. Interferential disruption oc-
curs when the scattering time is greater than the correlation
time of the BEC.

We consider a BEC containing N **Na atoms of mass m
initially confined by a harmonic trapping potential,
Vi(x,y,2) =mlo?(x+Ax)*+ w§y2+ ,z*]/2  centered  at
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(-Ax,0,0). We consider trap frequencies ,=w,=50
X 27 rad s™' <, so that the spatial width of the BEC is
much smaller along the z direction than along the x and
y directions. Consequently, the dynamics reduce to
two-dimensional motion in the x-y plane. At time t=0, we
create an additional Gaussian tunnel barrier [16], V,(x)
=V, exp(-x?/d?), of width =1 um along the x direction,
by switching on a far blue-detuned laser beam that travels
along the y direction and creates a sheet of laser light. The
intensity of the laser beam determines the barrier height, V/,
which we take to be 6.2 peV, similar to recent experiments
[16]. Simultaneously, we accelerate the BEC towards the
Gaussian potential by abruptly displacing the harmonic trap
through a distance Ax along the x direction [4—6]. After the
displacement, the center of the trap coincides with the barrier
and the total potential energy of the trap and laser beam, for
motion in the x-y plane, is given by

Vix,y) = m(a))zc)c2 + wiyz)/Z + V. (x). (1)

The solid curve in Fig. 1(a) shows the form of V(x,y=0).
After the displacement of the harmonic trap, the condensate
moves away from its initial state [shown schematically by
the dashed curve in Fig. 1(a)], reaches the Gaussian potential
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FIG. 1. (a) Solid curve, a schematic of the potential energy
V(x,y=0) created by the harmonic trap and laser beam when r=0;
Dashed curve, a schematic of the initial probability density
|W(x,y=0,t=0)|? of the initially irrotational BEC A;. (b) The initial
density [W(x,y,t=0)|*> (black represents high density, white repre-
sents zero) of BEC A, where the white arrow shows the direction of
the condensate’s circulation and the horizontal bar denotes the
scale. (c) The equivalent phase plot, ¢(x,y,r=0) (white represents
0, black represents 2r).
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FIG. 2. Evolution of BEC A: plots of [W(x,y,r)|* (black repre-
sents high density, white represents zero) for 7,=6.3 mms~! at ¢
=3 ms (a), 4 ms (b), 5 ms (c), 6 ms (d), 7 ms (e), and 8 ms (f). The
dashed line at x=0 marks the point where the laser potential is
maximal. Coordinate axes are inset and the horizontal bar indicates
scale. Lower plot: phase ¢(x,y,/=8 ms) [white represents 0, black
represents 27r] within the region enclosed by the box in (f). Arrows
indicate the direction of circulation.

with a mean incident velocity 0, =~ w,Ax, and is then scat-
tered by the tunnel barrier.
The time-dependent GPE for the system is

2m

o |-k P &
iﬁ; = { (@ + ﬁ) +V(x,y) +g|\1r|2]\]l, )

where W(x,y,?) is the wave function for motion in the x-y
plane at time 1=0 and g=4#’a/m where the s-wave scat-
tering length @=2.9 nm.

We determine the initial BEC wave function by solving
Eq. (2) for <0 using an imaginary time algorithm [17].
When the initial state contains a vortex we impose the re-
quirement that there is a 27-phase change in the condensate
wave function around the trap center at (x,y)=(-Ax,0),
which corresponds to a quantized angular momentum of —#
about the z axis. The wave function is normalized according
to
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FIG. 3. Evolution of BEC A;: plots of |W(x,y,#)|* (black repre-
sents high density, white represents zero) for #,=6.3 mm s~ at ¢
=3 ms (a), 4 ms (b), 5 ms (c), 6 ms (d), 7 ms (e), and 8 ms (f). The
dashed line at x=0 marks the point where the laser potential is
maximal. Coordinate axes are inset and the horizontal bar indicates
scale.

N
f W (x,y,0)]* dx dy=L—, (3)

Z

where L, is the confinement length in the z direction. We
consider two different rotating BECs with N/L,=5
X 10° m~! (BEC A) and N/L.=2.5%x 10" m~! (BEC B), cor-
responding to peak atom densities of 7,=2.1 X 10! m™ and
no=1.6X10?° m=3, respectively. The density, |¥(x,y,t=0)|?,
and phase, ¢(x,y,t=0), of the initial state of BEC A are
shown in Figs. 1(b) and 1(c). Having obtained the initial
state of the BEC, we determine its motion by solving the
GPE numerically using the Crank-Nicolson method [18]. We
identify the effect of the initial vortex by comparing the dy-
namics of BECs A and B with their irrotational counterparts
labeled BECs A; and B; respectively.

Figure 2 shows the density profile of BEC A after a trap
displacement of 20 um (,=6.3 mms~'). As the BEC im-
pinges upon the Gaussian tunnel barrier, a standing wave
forms between the incoming and reflected matter waves. Fig-
ure 2(b) shows the first stage of the standing wave formation
in which maxima (black) and nodal lines (white) appear at
the leading edge of the atom cloud. In Figs. 2(c) and 2(d) the
standing wave undergoes a 7 phase shift between the upper
and lower edges of the BEC. This is due to the nonuniform
initial phase of the BEC, shown in Fig. 1(c). After scattering,
the BEC splits into reflected (x<<0) and transmitted (x>0)
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FIG. 4. Evolution of BEC B: plots of [W(x,y,1)|* (black repre-
sents high density, white represents zero) for ©,=9.4 mms~' at
3 ms (a), 4 ms (b), 5 ms (c), 6 ms (d), 7 ms (e), and 8 ms (f). The
dashed line at x=0 marks the point where the laser potential is
maximal. Coordinate axes are inset and the horizontal bar indicates
the scale.

components [Figs. 2(d)-2(f)]. The reflected component of
the BEC is significantly disrupted [Figs. 2(e) and 2(f)]. This
disruption is accompanied by the formation of new vortices
within the boxed region in Fig. 2(f). The phase variation,
¢(x,y,r=8 ms), within this region is shown in the lower part
of Fig. 2(f).

Figure 3 shows density profiles for the initially irrota-
tional BEC A; after a trap displacement of 20 um
(0,=6.3 mm s~'). No dynamical excitations are produced in
either the transmitted or reflected clouds. We therefore con-
clude that the disruption observed for BEC A (Fig. 2) is
related to its initial rotation.

The effect of the vortex on the scattering process depends
on the scattering time of the vortex core (z,) relative to its
rotation period (7,). Since the diameter of the vortex core is
approximately the healing length &=1/v8mnya, it follows
that ¢,,~2£/0, and t,=w&m/h. If the ratio

t m Ax
— = —méA o — 4
tw 2 h 7T§ X wx \’/}’l_o ( )

is >1, the vortex will have little effect on the dynamics of
the transmitted and reflected atom clouds. This occurs for
low density BECs in which the spread of incident velocities,
produced by the rotation, is small compared to v,. Con-
versely, if t,/t,, =<1, as is the case for BEC A, the rotation of
the BEC will disrupt the reflected atom cloud (rotational dis-
ruption), as shown in Fig. 2.
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FIG. 5. Evolution of BEC B;: plots of |W(x,y,#)|* (black repre-
sents high density, white represents zero) for 7,=9.4 mms™' at ¢
=3 ms (a), 4 ms (b), 5 ms (c), 6 ms (d), 7 ms (e), and 8 ms (f). The
dashed line at x=0 marks the point where the laser potential is
maximal. Coordinate axes are inset and the horizontal bar indicates
the scale.

Disruption of the reflected cloud is even more pronounced
for the higher density BEC B. Fig. 4 shows the density of
this BEC after a trap displacement of 30 um
(0,=9.4 mm s~!). As the condensate impinges upon the scat-
tering potential, a standing wave forms between the incident
and reflected matter waves, Figs. 4(a) and 4(b). This standing
wave seeds solitons [6,19,20], which decay via the snake
instability [21] into vortex-antivortex pairs [Figs. 4(c) and
4(d)], thus strongly disrupting the internal structure of the
cloud [Figs. 4(e) and 4(f)]. Consequently, when incident at-
oms subsequently pass through the barrier they produce
some irregularity in the transmitted atom cloud. Note that
this irregularity is less pronounced towards the right-hand
edge of the transmitted cloud, which contains the atoms that
passed through the barrier before solitons and vortices
formed at negative x. We emphasize that although BEC B is
in a regime where rotational disruption occurs, the initial
vortex does not (in contrast to BEC A) cause the severe
fragmentation shown in Fig. 4. To demonstrate this, Fig. 5
shows the initially irrotational BEC B; scattering off a Gauss-
ian potential after a trap displacement of 30 um
(0,=9.4 mm s~!). Comparison of Figs. 4 and 5 reveals that
the dynamics are qualitatively the same irrespective of
whether or not the BEC contains an initial vortex.

To understand these results, we recall previous work
[11,19,20,22] on the Bragg reflection of a BEC in an optical
lattice. In Refs. [19,20] it was shown that at Bragg reflection,
fragmentation can arise from the density and phase imprint-
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ing that accompanies standing wave formation. When the
correlation time, t.=m/(2\2hnya), is much less than the
Bloch period (), this imprinting leads to the formation of
solitons and vortices, which disrupt the atom cloud. For
BECs B and B;, a similar disruption occurs when ?7.<<f,,
where t,=[,/0, is the approximate duration of the reflection
process. We call this effect interferential disruption [15],
since it originates from density fluctuations across an inter-
ference pattern, in this case produced by the superposition of
the incident and reflected matter waves. For BEC B this in-
terferential disruption dominates the dynamics and com-
pletely masks any effects due to the rotational disruption.
We have investigated how BECs with different atom den-
sities scatter off a Gaussian tunnel barrier when the initial
state is either irrotational or contains a single vortex. We find
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three distinct dynamical regimes, which occur for different
atom densities: (i) at low densities (<10'"° m™) there is no
fragmentation of the reflected or transmitted components of
the BEC, irrespective of whether or not there is a vortex in
the initial state; (ii) at medium densities (10'°—10% m~3) for
which 7./t <1, rotational disruption occurs in the reflected
component of a BEC with an initial vortex, but no disruption
is observed when the BEC is initially irrotational; (iii) at
high densities (=10?° m™3), there is strong interferential dis-
ruption in the reflected atom cloud if 7.=<t,, both in the pres-
ence and absence of an initial vortex.

This work was supported by the ARC, EPSRC UK, the
Royal Society (London) and the University of Melbourne.
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